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CONTRIBUTION TO TFE STUDY OF TRE: STRUCTURE OF THE IONOSPRERE 

Marcel Nicole t  

I m . O D UCTION 

1. His tory  

I n  1901, Marconi e s t ab l i shed  t h e  f i rs t  r ad io  l i n k  between Poldhu i n  
Cornwall and Sa in t - Jean  de Terre-Neuve. The success of t h i s  transmis
s ion  r e i n s t a t e d  t h e  hypothesis of Stewart (1878) and Schuster (1889), 
who had suggested t h a t  a p a r t  of t h e  e a r t h ' s  magnetic f i e l d  r e s u l t s  from 
e l e c t r i c a l  cu r ren t s  i n  t h e  upper atmosphere. Indeed, i n  1902, Kennelly 
and Heaviside simultaneously proposed t h e  ex is tence  of a conducting 
l a y e r  involved i n  t h e  propagation of electromagnetic waves, whereas t h e  
works of Mac Donald, Lord Rayleigh and Poincard (1904) revealed t h e  
imposs ib i l i t y  of expla in ing  t h e  success of Marconi's experiment by d i f 
f r a c t i o n .  I n  1912, Eccles,  by in t roducing  t h e  i o n i z a t i o n  e f f e c t  caused 
by s o l a r  r ad ia t ion ,  proposed t h e  fundamental theory of wave propagation 
i n  an ionized medium. Meanwhile, Austin ( l 9 l l ) ,  after having ca r r i ed  
out  experiments on t h e  v a r i a t i o n  i n  recept ion  i n t e n s i t y  wi th  t h e  d i s t a n c e  
from t h e  broadcasting s t a t i o n ,  derived an empir ica l  formula which w a s  
l a te r  rederived by Watson (1919), who solved t h e  mathematical problem 
of wave propagation i n  a medium bounded by two concentric conducting 
spheres. The hypothesis of a conducting l a y e r  i n  t h e  upper atmosphere 
w a s  thus  v e r i f i e d .  Severa l  years  of r a t h e r  d i s o r d e r l y  experiments con
t r ibu ted  some more ref inements  t o  t h e  behavior of waves, and Larmor 
(1924), who extended Ecc les '  theory,  studied t h e  propagation i n  a very 
r a r e f i e d  medium (absence of c o l l i s i o n s )  without  e x t e r n a l  in f luence .  
Appleton (and Nichols and Schelleng) soon (1923) completed t h i s  theory  
by introducing t h e  influence of t h e  e a r t h ' s  magnetic f i e l d  (magnetoionic 
theory)  and, a t  t h e  same t i m e ,  demonstrated by s u i t a b l e  experiments t h e  
r e f l e c t i o n  by t h e  atmosphere of waves emitted on t h e  ground. I n  1926, 
t h e  influence of molecular c o l l i s i o n s  on t h e  propagation w a s  s tud ied  by 
Lassen. The in t roduc t ion  of t h i s  e f f e c t  of f r i c t i o n a l  f o r c e s  between 
n e u t r a l  and charged p a r t i c l e s  revealed t h e  r e l a t i o n s h i p  between t h e  pro
pagation and absorp t ion  of waves i n  t h e  atmosphere. F ina l ly ,  i n  1927, 
Appleton gave a complete theory of t h e  propagation of electromagnetic 
waves i n  a medium composed of charged and n e u t r a l  p a r t i c l e s  subjected t o  
t h e  e f f e c t  of c o l l i s i o n s  i n  t h e  presence of a magnetic f i e l d .  
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This last work concluded the preliminary period of research. Ex

perimentation was soon to benefit from new methods applicable to a sys

tematic investigation of radio waves. The magnetoionic theory was born 

and was going to be developed for the purpose of studying the propaga

tion of waves in the atmosphere. The physical study of the ionosphere 

could now begin. 


2. Mathematical Theory (Ref. 1) 


Under the impetus of the works of Appleton, the magnetoionic theory 

derived from the Maxwell-Lorentz theory developed very rapidly (Breit, 

Goldstein, Hartree, Baker, Green, and others) and as early as 1932 

assumed the form which it still preserves today. The detailed determi

nations of M. Taylor, Bailey, Martyn and Booker, among others, form the 

basis of the study of electromagnetic wave propagation in the atmosphere, 

an absorbing medium stratified in homogeneous layers and composed of 

molecules and ions subjected to the influence of the earth's magnetic 

field. 

A basic formula known as the Appleton-Hartree formula and resulting 

from the magnetoionic theory gives the complex expression 


where the symbols have the following meanings: 


p is the index of refraction; 

i = and e, the speed of light; 

x ,  the absorption coefficient; 

w =  2af (f = frequency of wave) designates the pulsation or gyrofre
quency of the wave; 

4XNEE' 
0: = -, where designates the critical pulsation, NE the 

m 

electron concentration, and c and m are the charge (absolute value) and 
mass of the electron; 

.... ._.. . .... ,..,. , , . I .I I I I 
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O0L s -- sr -- S" 
L - 4 Of 

with  wR = - t h e  vector  H represent ing  t h e  e a r t h ' s  magnetic f i e l d ,  
m e  ' 

whose va lue  i s  expressed i n  gauss and where wL and w T are orthogonal 

pro jec t ions  of  vec tor  oH' respec t ive ly ,  on t h e  d i r e c t i o n  of propagation 

and on the plane of t h e  wave; 
O Y

B = q9where v i s  t h e  frequency of c o l l i s i o n s  of e l ec t rons  wi th  

o the r  p a r t i c l e s ;  

If ,f3 = 0, because v = 0, t h e  medium i s  not  absorbing, and the re fo re ,  
by consider ing only t h e  r ea l  pa r t ,  equation (1) is  w r i t t e n  as 

2a -	- + 4 S:l + a  

Let  u s  now remember t h a t  p = 0 i s  considered t h e  condi t ion  of t h e  
r e t u r n  (o r  i nco r rec t  terms widely employed a t  t h e  present  t i m e ,  t h e  con
d i t i o n  of "ref lec t ion")  of a wave emitted ( v e r t i c a l l y )  i n t o  the atmos
phere. It i s  seen t h a t  t h i s  condi t ion i s  met i f  

a + l = O  ( 3 )  

when a p o s i t i v e  s ign  i s  taken i n  t h e  expression of t h e  denominator i n  
equation ( 2 )  

and if a = - 1 V s Zr~+ sz= - 1 & Sk, (4) 
when a negat ive s ign  i s  taken.  

I n  t h i s  l a t t e r  expression (k), w e  see t h a t  i f  

o < o c ,  a = - l + s k ,  

o > o c ,  a=-1-

Let  a + 1 = 0; i n  view of t h e  meaning of a, we can w r i t e  
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2 2 
if t h e  angular  f requencies  w and w 

C 
are replaced by t h e i r  expressions 

indicated i n  t h e  d e f i n i t i o n  of  symbols, we f ind  

i . e . ,  a r e l a t i o n  between t h e  wave frequency and the  e l e c t r o n  concentra
t i o n  which makes it poss ib l e  t o  determine t h e  " c r i t i ca l  frequency" as 
a func t ion  of t h e  m a x i m u m  e l e c t r o n  concentrat ion i n  t h e  so-cal led 
" r e f l ec t ing"  l a y e r .  

L e t  a = -1f sH; we then  have 

whence 0: = a?+ 00,' 

By rep lac ing  w ,  and wE by t h e i r  values ,  w e  ob ta in  

o r  by s e t t i n g  oH 2 X f H ,  

where t h e  upper s ign  corresponds t o  f < fH and t h e  lower s ign  t o  f > f , .  

By studying t h e  po la r i za t ion ,  it can be shown t h a t  t h e  case a -F 1 = 
0 corresponds t o  what i s  ca l led  an"ord inary  wave". W e  s h a l l  denote i t s  
c r i t i c a l  frequency by f 

0' On t h e  o the r  hand, if a = -1 f sH' t h e  wave 

w i l l  be termed "extraordinary" and we s h a l l  denote i t s  c r i t i c a l  f re 
quency by f 

X '  
It w i l l  be noted t h a t  f 

0 
i s  t h e  c r i t i c a l  frequency of t h e  

wave i n  t h e  case where t h e r e  i s  no applied magnetic f i e l d ,  and t h i s  s i m 
p l e  case corresponds t o  t h e  case s tudied by Larmor. 

Formulas ( 3 )  and (6) may the re fo re  be w r i t t e n  as 
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A s tudy o f  equat ion (1) has a l s o  been made. It may be shown t h a t  
equations (3) and (4) hold i f  t h e  d i r e c t i o n  of  propagation i s  of t h e  
quasi- t ransverse type, i . e . ,  does not  coincide wi th  t h e  d i r e c t i o n  of t h e  
magnetic f i e l d ,  provided t h a t  t h e  frequency.v of e l e c t r o n  c o l l i s i o n s  be 
less  than a c r i t i c a l  frequency vc. 

4y < v c = - - - - 
20, 2H, mc 

I n  conclusion, w e  see t h a t  thanks t o  t h e  magnetoionic theory,  w e  
have t h e  important r e l a t i o n s  (7) and f8), which make it poss ib l e  t o  re
l a t e  an  observed quan t i ty  ( t h e  frequency of t h e  wave) t o  t h e  value of 
t h e  e l e c t r o n  concentrat ion,  an e s s e n t i a l  quant i ty  f o r  t h e  s tudy of t h e  
ionosphere. 

3. Experimental R e s u l t s  

P a r a l l e l  t o  t h e  development of t h e  mathematical theory,  experimen
t a l  inves t iga t ions  have undergone improvements which provide var ious  
means of explor ing t h e  ionosphere. The echo method of B r e i t  and Tuve 
( R e f .  2) ,  t h e  study of  t h e  minimum range of s h o r t  waves by Hulburt (Ref.
3) and the  examination of t h e  in t e r f e rence  of  " r e f l ec t ed"  waves by 
Appleton ( R e f .  4) i n i t i a t e d  t h e  f i rs t  f r u i t f u l  i nves t iga t ions  of t h e  
ionosphere. Furthermore, the echo method w a s  adapted t o  automatic 
recording and now serves  f o r  t h e  d a i l y  determinat ion of t h e  normal char
a c t e r i s t i c s ,  t h e  equiva len t  o r  v i r t u a l  he ight  and t h e  c r i t i c a l  frequency 
of t h e  regions o f  t h e  ionosphere. 

The echo method c o n s i s t s  i n  t h e  q u a s i - v e r t i c a l  emission of very 
b r i e f  s i g n a l s  which are received a t  a s m a l l  d i s t a n c e  from t h e  emitter. 
The t i m e  t between t h e  r e spec t ive  recept ions  of t h e  wave from t h e  ground 
and of  t h e  wave "returned" by t h e  atmosphere makes it poss ib l e  t o  meas

u r e  t h e  equivalent  he ight  z of  t h e  ionized region by t h e  r e l a t i o n  z = % 
2 ,  

where c i s  t h e  ve loc i ty  of t h e  wave. I n  addi t ion ,  i f  t h e  v e r t i c a l  sound
ings  are performed by increas ing  frequencies ,  one f i n d s  t h a t ,  f o r  cer 
t a i n  frequency i n t e r v a l s ,  t h e  equiva len t  he igh t s  are more o r  less con
s t a n t  and thus  d e f i n e  d i s t i n c t  ionized regions.  Passage from one reg ion  
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t o  another  i s  charac te r ized  by an abrupt  change i n  t h e  equiva len t  
he ight .  The f requencies  assoc ia ted  wi th  t h e s e  changes are ca l led  c r i 
t i c a l  f requencies  and correspond, by v i r t u e  of  r e l a t i o n s  (7) and (8) 
between t h e  number of  e l ec t rons  and t h e  frequency of t h e  w a v e ,  t o  t h e  
maximum number of ionized p a r t i c l e s  i n  t h e  def ined strata.  The exis t 
ence of two p r i n c i p a l  reg ions  has t h u s  been demonstrated; t hese  are t h e  
E and F reg ions  loca ted  a t  a l t i t u d e s  approximately of t h e  o rde r  of 100 
km and 300 100 km. 

The use of automatic observa t iona l  systems now makes it poss ib le  
t o  ob ta in  continuous experimental  resul ts  a t  var ious  po in t s  o f  t h e  
globe. We s h a l l  c i t e  t h e  s t a t i o n s  i n  Washington ( R e f .  5 ) ,  Huancayo, 
Peru ( R e f .  6) ,  Watheroo, A u s t r a l i a  ( R e f .  6 ) ,  Tromso, Norway ( R e f .  7), 
whose r egu la r  publ ica t ions  permit a systematic  study of t h e  c r i t i c a l  
f requencies  ( R e f .  8) .  Observations which cannot always be examined are 
a l s o  made a t  Slough ( R e f .  9), Calcu t ta  (Ref .  lo), Sydney ( R e f .  ll), 
Tokyo (Ref. 12), Allahabad ( R e f .  l3), e t c .  These var ious  d a t a  on t h e  
ionosphere have been and are the  subjec t  o f  systematic  research  con
cerned wi th  t h e  c h a r a c t e r i s t i c  p rope r t i e s  o f  t h e  var ious  regions as a 
func t ion  of t h e  phys ica l  condi t ions on t h e  sun and t h e  e a r t h .  Indeed, 
it i s  found t h a t  t h e  behavior (equivalent  he igh t  and e l e c t r o n  concen
t r a t i o n s )  of t h e  var ious  reg ions  of t h e  ionosphere depends on t h e  ze
n i t h a l  d i s t a n c e  of $he sun (d iurna l ,  seasonal ,  and geographical  e f f e c t s ) ,  
on t h e  d is turbances  of  t h e  s o l a r  atmosphere (storms and ionospheric  
d i s turbances)  and f i n a l l y ,  on t h e  11-year s o l a r  a c t i v i t y .  

4. Theore t ica l  R e s u l t s  

The bas i c  works of  Chapman ( R e f .  14) and of H u l b u r t  ( R e f .  15) pro
v ide  t h e  fundamentals of t h e  conventional theory  of t h e  ionosphere. I n  
p r inc ip l e ,  t h i s  theory,  which unde r l i e s  t h e  i n t e r p r e t a t i o n  of c e r t a i n  
observa t iona l  da ta ,  i s  as follows: 

A monochromatic r a d i a t i o n  of' i n t e n s i t y  S, emit ted by t h e  sun, pene
t ra tes  i n t o  t h e  atmosphere, which i s  assumed t o  have a uniform composi
t i o n  over t h e  e n t i r e  reg ion  exposed t o  t h e  r a d i a t i o n .  No a p r i o r i  hypo
t h e s i s  i s  made on t h e  na tu re  of  t h e  s o l a r  r a d i a t i o n  except  t h a t  t h e  ab
sorbed energy dS during t h e  passage of  t h e  r a d i a t i o n  S through a l a y e r  
of th ickness  dz  i s  propor t iona l  t o  t h e  i n t e n s i t y - o f  t h e  r ad ia t ion ,  t o  
t h e  th ickness  of t h e  l aye r ,  and t o  t h e  concent ra t ion  of t h e  absorbing gas.  
Hence, w e  w r i t e  

where Adz i s  t h e  f r a c t i o n  of t he  r a d i a t i o n  absorbed i n  t h e  l a y e r  of  
th ickness  d z  loca ted  a t  a l t i t u d e  z = 0, and where h, i s  t h e  angle  of 
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a l t i t u d e  of t h e  sun above t h e  horizon and H i s  t h e  height  of t h e  homo
geneous atmosphere given by 

T and m being t h e  absolu te  temperature and t h e  molecular mass, which are 
constant ,  k being Boltzmann's constant ,  and g t h e  acce le ra t ion  d u e  t o  
g rav i ty .  

I n t e g r a t i o n  of (1) gives  

where S, i s  t h e  value of S a t  t h e  top  z = 00 of t h e  atmosphere. The 

absorpt ion a t  a l t i t u d e  z i s  thus  given, based on (1)and (3),  by 

Assuming t h a t  t he  number of e l ec t rons  produced a t  a l t i t u d e  z per  

cm3 per  second i s  propor t iona l  t o  
(1
-
s 

sinho,  we  can w r i t e  t h a t  t h e  e l ec clz 

t r o n  production P per  em3 per  second, based on (1)and ( k ) ,  i s  given by 

where q, i s  t h e  p ropor t iona l i t y  f a c t o r .  

W e  see immediately t h a t  P, i s  maximum h = 90' f o r  
0 

e"/II = AH ( 6 )  

and hence, t h e  value of  t h e  m a x i m u m  of P, P i s  given by ( 5 )  and (6) 

where e = 2.718. 

From ( 5 ) ,  ( 6 ) ,  and (7),we deduce 

x 




2: - z*-
e �Iz - z*1 -

P. = P* e �I sinhQ 
~_ _ _ _  


By setting 


we finally obtain 


2 - z* 
�I = r  ( 9 )  

which is the relation between the ratio of the productions P, and P, 

the value of { and the angle of altitude h, of the sun. 

At a given instant, the variation of the number of electrons is the 

difference between the number of electrons produced and the number of 

those which disappear. By hypothesizing that the electrons disappear 

via recombination with positive ions, the variation of the electron con

centration NE with time t is given by 


where r is the recombination coefficient. 


Let us note that by writing relation (ll), we admit implicitly that 

the number of positive ions is equal to the number of electrons. 


By considering the case of equilibrium 
d S ,
-= 0 ,  we deduce (12) and

(13), successively d t  

e - ?  
and sinh, 1 

if N*E is the electron concentration at maximum production when ha = 90'. 

Expressions (12) and (13) define a conventional ionized region, i.e., 
the vertical distribution of the electron concentration in an atmosphere 
of constant temperature and molecular mass. 
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From equation (13) we immediately f i n d  t h a t  t h e  e l e c t r o n  concentra
t i o n  reaches i t s  maximum when 

sink, = e - L a x  (14) 

If w e  denote  by (NE)" t h e  value of t h e  m a x i m u m  e l e c t r o n  concentra

t i o n  of an ionized region, w e  immediately have from (12) and (14), 

or ,  from (13) and (15) 

From expressions (13), (14), and (16),we deduce 

I n  t h e  case where t h e  phenomena i n  t h e  v i c i n i t y  of t h e  maximum con
cen t r a t ion  a r e  taken i n t o  cons idera t ion ,  we can keep only t h e  f i r s t  two 

terms of t h e  s e r i e s  expansion of a s  does Appleton (Ref. 16). 
Hence, we  have t h e  approximate r e l a t i o n  

which gives,  a t  a f i r s t  approximation, a parabol ic  d i s t r i b u t i o n  of t h e  
e l e c t r o n  concentration. 

Consequently, under t h e  inf luence  of t h e  sun, t he  e l e c t r o n  concen
t r a t i o n  ( c f .  (15)) should inc rease  beginning a t  sun r i se  and should reach 
a m a x i m u m  a t  l o c a l  noon. . A l s o ,  a seasonal e f f e c t  should be observed 
which br ings  a corresponding m a x i m u m  t o  t h e  s u m m e r  s o l s t i c e  and a minimum 
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t o  t h e  win ter  s o l s t i c e .  Furthermore, t h e  e l e c t r o n  concent ra t ions  should 
be h ighes t  a t  t h e  lowest l a t i t u d e s .  F ina l ly ,  t h e  v e r t i c a l  d i s t r i b u t i o n  
(cf .  (20)) of t h e  e l e c t r o n  concentration should g ive  t h e  he ight  of t h e  
homogeneous atmosphere. 

Appleton ( R e f .  16) has shown how t h e  E reg ion  could be gene ra l ly  
in t e rp re t ed  by t h e  conventional theory, where t h e  e l e c t r o n  concentration 
i s  propor t iona l  t o  t h e  square r o o t  of t h e  s i n e  of t h e  angle of a l t i t u d e  
of t h e  sun. For t h e  F region, it i s  necessary t o  in t roduce  a d d i t i o n a l  
hypotheses (Appleton, Ref.  16; Berkner, R e f .  17; Bradbury, R e f .  19; 
Martyn, Ref. 22) ,  which most o f t en  should be considered as a r b i t r a r y .  
Whatever t h e  l a w s  governing t h e  formation of an ionized region, however, 
one mus t  look for t h e  o r i g i n  of t h e  var ious  reg ions  observed, i .e.,  de
termine which of t h e  atoms and molecules of t h e  atmosphere are l i k e l y  
t o  induce t h e  formation of an ionospheric region. Moreover, once t h e  
t h e o r e t i c a l  study of t h e  formation and o r i g i n  of a reg ion  has been con
cluded, t h e  experimental values of t h e  recombination c o e f f i c i e n t s  should 
correspond t o  t h e  values introduced i n t o  t h e  equations.  The l a t t e r  two 
po in t s  have been made t h e  sub jec t  of s p e c i a l  study by Appleton ( R e f .  16), 
Berkner (Ref. 17), Bhar (Ref. 18), Bradbury ( R e f .  1-91, Hulburt (Ref. l5) ,  
Lassen (Ref .  20),  Massey (Ref. 21), Martyn (Ref. 22), Mitra ( R e f .  23), 
Tukada (Ref. 24) and Wulf and Deming (Ref. 25). 

The i n v e s t i g a t i o n  of t h e  o r i g i n  of ionospheric reg ions  has been 
ca r r i ed  out  p a r t i c u l a r l y  by Hulburt,.Bhar, Mitra, Wulf and Deming. The 
sun i s  considered t o  be a black body a t  6 0 0 0 0 ~ ;hypotheses are introduced 
on t h e  composition and v e r t i c a l  d i s t r i b u t i o n  of t h e  cons t i t uen t s  of t h e  
upper atmosphere. On t h i s  basis, t h e  s t a t e  of i o n i z a t i o n  of 02,N2 and 0 

compared wi th  t h e  ob?ervation r evea l s  t h e  var ious  d i f f i c u l t i e s  involved 
i n  a co r rec t  i n t e r p r e t a t i o n .  

I n  t h e  determinat ion of t he  recombination c o e f f i c i e n t ,  t h e  s tudy  i s  
based on an examination of t h e  noc turna l  condi t ions ,  where t h e  e l e c t r o n  
concentration i s  given, i n  t h e  case of t h e  conventional theory, by 

An experimental study of t h e  decrease i n  i o n i z a t i o n  during t h e  
n i g h t  l eads  t o  a recombination c o e f f i c i e n t  (-2.10-9) which i s  higher 
than  t h a t  given by t h e  theory (d2.10-12). 

By assuming t h a t  t h e  number of pos i t i ve  ions (@) is  g r e a t e r  than  
t h a t  of t h e  e l ec t rons ,  Appleton (Ref. 16) and Massey (Ref. 21) have shown 
t h a t  equation (21) should be w r i t t e n  as 
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Indeed, if it is assumed that the number of positive charges (posi

tive ions) is equal to the number of negative charges (negative ions N

and electrons), it follows that 


and the effective recombination coefficient may be greater than r, 

since one can write 


N 
-=
dN, 

- r N  + NE= -rFE (1 + -) = -as;
dt N E  

Values /from 100 to 1000 of the ratio N /NE, which may exist in the 


E region (cf. Massey, Ref. 21) make it possible to determine the values 

of a which approach the night recombination coefficient. 


The above is a summary of the acquired theoretical data. They have 

permitted the elucidation of certain difficulties, indicating, at the 

same time, the extreme complexity of the general problem of the struc

ture of the ionosphere and of its variations. 


5. Object of the Work 


In the present state of our knowledge of the constitution of the 
sun and of the atmosphere and of the recent progress in atomic and mole
cular theory, it is possible to attempt a solution of the problem of the 
ionosphere in its general aspects. Thus, our work is primarily concerned 
with an examination of the properties of the ionosphere based on the re
sults of observations of the propagation of electromagnetic waves, results 
which can be used owing to continuous and detailed publications. Further
more, after having presented the ionospheric characteristics, we examine 
the spectral properties of the sun, taking into account the various re
sults of the theory and observation, and thus deduce the radiations which 
play an effective part in the ionization of the atmosphere. In addition, 
results of observations of the emission of night airglow and auroras 
lead us to a determination of the atomic and molecular constitution of 
the upper layers, and enable us to refine certain important points con
cerning the vertical distribution of the atoms and molecules. Finally, 
a determination of the principal mechanisms relating the equilibrium of 
ions and electrons is undertaken with the aid of kinetic and quantum 

properties for the purpose of applying them to the atmosphere. Thus, the 
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synthesis of these various results enables u s  to discuss the ionospheric 
properties. Consequently, we divide our work as follows: 

Chapter I. Observation of the Ionosphere. 

Chapter 11. Solar Radiation. 

Chapter 111. Constitution and Composition of the Atmosphere. 

Chapter IV. General Ionization Equations. 

Chapter V. Physical Interpretation of the Ionosphere. 

General Conclusions. 
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CBAPTER I. OBSERVATION OF THE IONOSPHERE 

Sect ion 1. In t roduct ion  

I n  general ,  observat ion reveals the  presence of two p r i n c i p a l  ion
ized regions ca l l ed  E and F regions'.  The f i r s t  region, E, i s  s i t u a t e d  
a t  an a l t i t u d e  c lose  t o  or somewhat above 100 km, whereas t h e  F region 
i s  o f t en  subdivided i n t o  t h e  two regions F

1 
and F2 loca ted  r e spec t ive ly  

a t  a l t i t u d e s  of t h e  order  of 200 and 300-400 km. The he ights  of these  
ion iza t ion  maxima represent  average values which vary wi th  t h e  l a t i t u d e  
and t h e  seasons. 

I n  a p a r t i c u l a r  case ( f o r  example, a t  the  Equator) t h e  d i s t r i b u t i o n  
of t h e  ion iza t ion  s t a t e  may be succ inc t ly  described as follows (see  
Figure 1): near  t h e  ground, cosmic and t e r r e s t r i a l  sources produce a 
few thousand ions  per  cm3. A s  one goes up i n t o  t h e  troposphere and 

h:1iooo~(mAuroral radia
t i o n s  	of N2 

\ and 0 

Middle atmosphere--_--
Lower atmosphere 

0 SZld 10' y 

Figure 1. Schematic r ep resen ta t ion  of t h e  ionosphere. 
Abscissas: e l e c t r o n  concentrat ion (number of e l e c 
t r o n s  per  cm3). Ordinates: a l t i t u d e  i n  km 
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s t ra tosphere ,  t h e  ion  concentrat ion increases  
18 km. Although some e f f e c t s  on r ad io  waves 
i n  t h e s e  regions,  it appears,  according t o  0. 
( R e f .  26) t h a t  t h e r e  i s  no in tense  ion iza t ion  

S t a r t i n g  from 60 km, 

up t o  an a l t i t u d e  of  16
seem t o  have been observed 

H. Gish and H. G. Booker 
i n  t h e  o rs t r a tosphe re  

troposphere.  t h e  experimental  results ind ica t e  t h e  
ex is tence  of an i l l - d e f i n e d  ionized region gene ra l ly  r e fe r r ed  t o  as t h e  
D region.  A t  about 100 km, t h e  increase  i s  so considerable  t h a t  t h e  

maximum concentrat ion reached i s  of t h e  o rde r  of  10' e lec t rons ;  t h i s  i s  
the  E reg ion ,  Beyond 100 km, t h e  ion iza t ion ,  a f t e r  a s l i g h t  decrease,  
increases  aga in  and reaches a high value which exceeds t h a t  of t h e  E 
l a y e r  (approximately double);  t h i s  i s  t h e  Fl 

reg ion .  A f t e r  a s l i g h t  de

crease,  t h e  most important m a x i m u m  appears, which corresponds t o  t h e  F2 

region; i t s  e l e c t r o n  concentrat ion exceeds 106 e lec t rons .  These var ious 
regions possess e s s e n t i a l l y  d i f f e r e n t  p rope r t i e s ,  which w e  s h a l l  examine 
successively.  Moreover, t h e  purpose of t h i s  chapter  i s  t o  synthesize 
t h e  most important experimental  r e s u l t s  and t o  br ing  ou t  t h e i r  e s s e n t i a l  
features.  

Sec t ion  2. The D Region 

R e s u l t s  obtained on t h e  s ta te  of  i o n i z a t i o n  of t h e  D region are 
scarce .  Mitra and Syam ( R e f .  27) have observed echoes corresponding t o  

e l e c t r o n  concentrat ions of t h e  order  of 5-104 e l e c t r o n s  pe r  em3. Ac
cording t o  Budden, R a t c l i f f e  and Wilkes ( R e f .  28), t h e  number of e l e c 

t rons  a t  about 67 km is of t h e  order  of 300 per  ern3 (average condi t ions 
f o r  t h e  southeast  of England) and permits t h e  r e t u r n  of long waves of 
18.8 km. A t  t h e  Huancayo and Watheroo s t a t i o n s ,  a systematic  examina
t i o n  of t h e  minimum c r i t i c a l  frequency a t  which t h e  " r e f l ec t ions"  of  t h e  
waves are recorded provides o the r  i nd ica t ions .  Indeed, one f i n d s  t h a t  
the  v a r i a t i o n  of t h i s  minimum c r i t i c a l  frequency i s  genera l ly  analogous 
t o  t h e  v a r i a t i o n  of t h e  c r i t i c a l  frequency of t h e  E region (see Sect ion 
3, E region) .  The f a c t  t h a t  t h e r e  exis ts  a minimum c r i t i c a l  frequency 
above which t h e  waves are no longer  re turned i n d i c a t e s  t h a t  an ''absorp
t i o n "  i s  involved. According t o  a mathematical s tudy of t h e  propagation 
of e lectromagnet ic  waves i n  an ionized medium, t h i s  "absorption" cor re
sponds t o  the  damping of waves due t o  c o l l i s i o n s  between molecules and 
e l ec t rons  acce lera ted  by t h e  e l e c t r i c  f i e l d .  According t o  t h e  observa
t i o n s ,  t h i s  damping has i t s  m a x i m u m  above t h e  E region, and t h i s  atmos
pher ic  area may be considered t o  correspond t o  t h e  D region. I n  addi
t i o n ,  during t h e  sudden fade-out of s h o r t  waves (see Sec t ion  6), one i s  



s t i l l  dea l ing  wi th  a damping ac t ion ,  and t h e  D region i s  involved owing 
t o  an increase  i n  ion iza t ion .  

Sect ion 3. The E Region 

The E region i s  an  ionized l a y e r  whose p rope r t i e s  are known f a i r l y  
w e l l ,  s i nce  i t s  d i f f e r e n t  v a r i a t i o n s  are r e l a t i v e l y  simple. 

A l t i t ude  of  t h e  Ion iza t ion  M a x i m u m  

The average equiva len t  a l t i t u d e  of  t h e  ion iza t ion  m a x i m u m  depends 
both on t h e  l a t i t u d e  and t h e  seasons.  A t  Huancayo, Peru, z = 100 km; 
a t  middle l a t i t u d e s  (Washington, Slough), z = 115 km i n  s u m m e r  and 125 
km i n  winter, and, a t  high l a t i t u d e s ,  z = 1.25 km dur ing  t h e  po la r  win ter  
and of t h e  order  of 100 km i n  s u m m e r .  

I n  shor t ,  t h e  a l t i t u d e  of  t h e  ion iza t ion  maximum of t h e  E l a y e r  
va r i e s  i n  inverse  proport ion wi th  t h e  height  of t h e  sun and i t s  presence 
above t h e  horizon. 

Diurnal  Var ia t ion  

Figure 2 shows a t y p i c a l  curve of t h e  m a x i m u m  e l e c t r o n  concentra
(NE)ma,, which v a r i e s  synchronously wi th  t h e  he ight  h of t h e  sun 

above t h e  horizon. The fol lowing conclusions are drawn d i r e c t l y  from 
the  observation: (1) t h e  d i u r n a l  i on iza t ion  maximum takes  p lace  a t  noon 
when t h e  height  of t h e  sun i s  maximum; (2)  t h e  values  of ( N

E 
)

m a x  
are 

p r a c t i c a l l y  symmetrical w i th  respec t  t o  noon; (3) (NE)max i s  propor

t i o n a l  t o  t h e  square r o o t  of t h e  s ign  of  t h e  he ight  of t h e  sun ( f o r  
ha > 0' ) .  

I n  shor t ,  t h e  observa t ions  y i e ld  t h e  l a w  

so long as h, # 0. The meaning of t h e  constant  i s  obtained by s e t t i n g  

0
hB = 90 i n  equat ion (1.1); it corresponds, therefore ,  t o  t h e  m a x i m u m  

e l e c t r o n  concentrat ion of t h e  E region a t  t h e  Equator and a t  t h e  equinox. 

4 
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Figure 2. Diurnal  v a r i a t i o n  of t h e  m a x i m u m  e l e c t r o n  
concent ra t ion  of t h e  E region a t  Washington during 
May 1938. 

The po in t s  represent  d a t a  deduced from observation 
of c r i t i c a l  f requencies  (monthly averages),  while  
t h e  curve w a s  t raced  i n  accordance wi th  t h e  l a w  (1.1) 

Seasonal Var ia t ion  

The observa t iona l  results obtained i n  t h e  course of one year  a t  t h e  
same s t a t i o n  show t h a t  t h e  summer values of ( NE )max a r e  always g r e a t e r  

than  those of t h e  win ter .  The d i u r n a l  v a r i a t i o n  of (NE)max i s  always 

symmetrical wi th  r e spec t  t o  noon and t h e  values a t  sun r i se  a r e  i d e n t i c a l  
t o  those  a t  sunset .  A cons idera t ion  of t h e  mean monthly values of 
(NE),= a t  noon makes it poss ib l e  t o  determine simply t h e  v a r i a t i o n  of 

t h e  e l e c t r o n  concentration as a func t ion  of t h e  seasons. From Figure 3, 
it is  seen t h a t  t h e  m a x i m u m  e l e c t r o n  concent ra t ion  follows t h e  same l a w  
of v a r i a t i o n s  dur ing  t h e  year as during a day, i . e . ,  C being a suikably 
se l ec t ed  constant,  

Le t  US note, never the less ,  t h a t  t h e  mean monthly values of t h e  
e l e c t r o n  concentrations do not f a l l  r i go rous ly  on t h e  curve drawn i n  ac
cordance wi th  t h e  l a w  (1 .2) .  These dev ia t ions  w i l l  be s tud ied  la ter  
during an examination of t h e  long-period v a r i a t i o n .  



Figure 3. Annual v a r i a t i o n  of t h e  m a x i m u m  e l e c t r o n  
concentrat ion a t  noon f o r  t h e  s t a t i o n s  of Washington 
( l a t .  39ON)  and Tromso ( l a t .  6 6 . 7 O ~ )  during t h e  year  
1938. 

The po in t s  and crosses  represent  d a t a  deduced from 
observat ion of c r i t i c a l  f requencies;  t h e  curves were 
t raced  i n  accordance with t h e  l a w  (1.2) 

Geographical Var ia t ion  

Although a l l  t h e  s t a t i o n s  d i s t r i b u t e d  over t h e  globe present  t h e  
same d i u r n a l  and seasonal  va r i a t ions ,  it i s  never the less  t r u e  t h a t  
during a study made a s  a func t ion  of t he  l a t i t u d e ,  t he  constant  C i n 
troduced i n  order  t o  s a t i s f y  equa l i ty  (1.2) v a r i e s  from one s t a t i o n  t o  
another.  I n  o the r  words, when t h e  r e s u l t s  obtained f o r  d i f f e r e n t  s ta
t i o n s  a s  a func t ion  of t h e  l a t i t u d e  a r e  compared, t h e  continuous decrease 
of t he  value of C ( i n  going from t h e  Equator t o  t h e  pole)  reaches 30 per
cent .  This r e s u l t  i n d i c a t e s ,  therefore ,  t h a t  atmospheric condi t ions 
which a re  func t ions  of t h e  l a t i t u d e  add t o  t h e  s o l a r  e f f e c t  i t se l f .  

Long-Period Var ia t ion  

Among the  long-period v a r i a t i o n s  which can be expected, a l l  of t h e  
a t t e n t i o n  should be focused on t h e  v a r i a t i o n  which should r e su l t  from 
t h e  11-year s o l a r  a c t i v i t y .  I n  Figure 4, we have shown t h e  mean monthly 
values of (NE)max from 1935 t o  1940 a t  noon, observed a t  t h e  Washington 

s t a t i o n .  A simple inspec t ion  of t h e  graph shows t h a t  a long-period 
v a r i a t i o n  i s  superimposed on t h e  seasonal  va r i a t ion .  The former i s  
p a r a l l e l  t o  t h e  v a r i a t i o n  of t h e  s o l a r  a c t i v i t y .  Recent determinat ions 
have revealed t h a t  t h e r e  i s  a good c o r r e l a t i o n  ( R e f .  29) between t h e  
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average ion iza t ion  values  and t h e  re la t ive  sunspots numbers of  Wolf. 
It should be noted, however, t h a t  t h e r e  i s  no r e l a t i o n  between t h e  d a i l y  
va r i a t ions  of t h e  ion iza t ion  and t h e  number of spots ,  which i n d i c a t e s  
that t h e r e  i s  no correspondence whatever between a given spot  and t h e  
ion iza t ion  of  t h e  E region. 

The curves o f F i g u r e  4 have been t r aced  by assuming t h a t  C is  a con
s t a n t  during a year.  The s c a t t e r  of t h e  po in t s  represent ing  t h e  observa
t i o n a l  d a t a  i s  due t o  t h e  e f f e c t  of t h e  s o l a r  a c t i v i t y .  I n  o rde r  t o  
determine t h i s  e f f e c t  q u a l i t a t i v e l y ,  we have added i n  Figure 5 t h e  d a t a  
f o r  t h e  t h r e e  s t a t i o n s  of Huancayo, Watheroo and Washington during t h e  
period of January 1939 t o  June 1940, f o r  which simultaneous observat ions 
are ava i l ab le .  From formula (1.2) w e  have deduced the  monthly va lues  
of c 

where (NE),, i s  deduced from t h e  values  of t h e  c r i t i c a l  frequency ob

served and sinh, i s  determined by t h e  u s u a l  astronomical formulas. I n  

addi t ion ,  w e  have used q u a l i t a t i v e  da t a ,  published i n  t h e  Q u a r t e r l y  B u l 
l e t i n  of So la r  Ac t iv i ty ,  on t h e  f a c u l a r  plages of ionized calcium. One 
can r e a d i l y  see from Figure 5 t h a t  t hese  f l u c t u a t i o n s  of C a t  t h e  t h r e e  
s t a t i o n s  are roughly p a r a l l e l  t o  those  of t h e  a r b i t r a r y  numbers of t h e  
f a c u l a r  plages.  

I n  shor t ,  t h e r e  i s  a d e t a i l e d  correspondence between t h e  s o l a r  ac
t i v i t y  def ined by t h e  f a c u l a r  plages and t h e  m a x i m u m  e l e c t r o n  concentra
t i o n  of  t h e  E region. 

Nocturnal Var i a t ion  

A f t e r  sunset ,  t h e  e l e c t r o n  concentrat ion,  being no longer  subjected 
t o  t h e  a c t i o n  of t h e  sun, gradual ly  diminishes  and a t t a i n s  a minimum a t  
t h e  end of t h e  n ight .  I n  t h i s  case,  assuming t h e  v a r i a t i o n  l a w  (see no te  
a t  t h e  end of t h i s  subsect ion)  

where a i s  t h e  e f f e c t i v e  recombination c o e f f i c i e n t ,  w e  f i nd  ( R e f .  30) 

t h a t  t h e  decrease corresponds t o  a value of @ = 2 t o  4.10-9, 
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Figure 5. Effect of solar activity on the ionization 

state of the E region. 


Curve I, Huancayo, Peru (lat. 12’ N); curve 11, 
Washington (lat. 39’ N); curve 111, Watheroo, Austral
ia (lat. 30° S); curve IV, square root of arbitrary 
numbers of facular plates of ionized calcium 

This determination of the effective recombination coefficient makes 
it possible t o  state what the precise conditions are to which the noc
turnal ionization is subjected. We shall see further on that this value 
of the effective coefficient is lower than the effective coefficient 
during the day. 

NOTE. It can be shown that, if the disappearance of the electrons 
is governed by a recombination mechanism, i.e., by the association be
tween a positive ion and a free electron, we have 

where r = constant, called the recombination coefficient, is the con
centration of positive ions, and NE is the electron concentration. 

If 


i.e., this is a law of electron variation proportional to the square of 

the electron concentration. 


ax, 2If N+ # N E S T = - ZX\7e 

which is a law similar to the preceding one, where x is an effective re
combination coefficient greater or smaller than r, depending on whether 
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N+ >NE or p<N. If the disappearance of electrons takes place via 


attachment (electron captured by a neutral atom), i.e., is directly pro

portional to the electron concentration, we necessarily have 


where a is the coefficient of attachment and N is the number of neutral 

atoms per cm3. 


In a region of the atmosphere where the law of disappearance of 

electrons is unknown a priori, the experimenters interpret their observa

tions by a law of variation proportional to the square of the electron 

concentration. 


However, if the attachment is effective, in order to understand 

the experimental results expressed by a law of variation proportional 

to the square of the electron concentration, one should write 


where a! should be regarded as the equivalent recombination coefficient 

which will not be constant but will be a function of N and NE. 


If the two mechanisms take place simultaneously, in order to sepa

rate the effects of the two processes of recombination and of attach

ment, one can write 


Variation During Eclipses 


The solar eclipses permit a study of the varia.tionof ionization in 

a relatively simple manner, since the conditions of ionization vary very
rapidly. Multiple observations (Ref. 31) made in various regions of the 
globe have lead to quantitative determinations of the electron variation. 
By assuming a variation law such that 

- ax: (I.4) 

where P represents the electron production for h, = goo and where o"NE2 
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corresponds, as before ,  t o  t h e  e l ec t ron  decrease due t o  spontaneous 
recombination, it i s  poss ib l e  t o  ob ta in  t h e  value of  ci by tak ing  into 
account t h e  darkened f r a c t i o n  of t h e  s o l a r  d i s k .  I n  F igure  6, w e  repro
duce t h e  poss ib l e  e l e c t r o n  concentrat ions of  t h e  E reg ion  ca lcu la ted  by 
Bulburt  ( R e f .  32) f o r  d i f f e r e n t  values  of  an e f f e c t i v e  recombination 
c o e f f i c i e n t  a. The results obtained during t h e  observa t ion  ( R e f .  33) 
showed t h a t  t h e  e l e c t r o n  concenkration decreased dur ing  t h e  e c l i p s e  t o  
about 25 percent  of t h e  normal value.  This  i n d i c a t e s  (Figure 6) t h a t  
t h e  mean value of an e f f e c t i v e  recombination c o e f f i c i e n t  i s  approxi

-8mately 2-10  . However, t h e  f a c t  t h a t  t h e  r a t i o  of t h e  decrease should 
be g r e a t e r  and t h e  f a c t  t h a t  t h e  i n s t a n t  o f  t h e  minimum e l e c t r o n  con
cen t r a t ion  appears i n  t h e  middle of t h e  t o t a l i t y  r e v e a l  higher  values  

of t h e  a coe f f i c i en t ,  values  which should be >/ Furthermore, 
Del l inger  ( R e f .  33) r e p o r t s  t h a t  t h e  i o n i z a t i o n  increased before  t h e  
t h i r d  contac t .  

I n  sho r t ,  t hese  resu l t s  can be  i n t e rp re t ed  only if one assumes a 
v a r i a t i o n  of t h e  recombination coe f f i c i en t  during t h e  course of t h e  
e c l i p s e .  A s  long as t h e  e c l i p s e  i s  not  complete, t h e  recombination eo

e f f i c i e n t  i s  very high or more), b u t  t h e  onse t  of t o t a l i t y  i s  
assoc ia ted  w i t h  t h e  onse t  of n ight  condi t ions,  and t h e  value of t h e  
c o e f f i c i e n t  decreases .  Thus, t h e  minimum i o n i z a t i o n  i s  no less than 

25 percent  of t h e  normal value.  Furthermore, t h e  value of  t h e  t e r m  a N E2 

is very h igh  as compa.red t o  - and t h e  equi l ibr ium condi t ions may be 
6 t  

considered i n  a p r a c t i c a l  case f o r  t h e  sake of  ca l cu la t ion .  

The resu l t s  obtained during t h e  e c l i p s e s  make it necessary t o  con
s i d e r  t h e  d i u r n a l  v a r i a t i o n  of t h e  ion iza t ion  by t ak ing  i n t o  account 
t h e  values of t h e  recombination c o e f f i c i e n t s .  I n  F igure  7, w e  repro
duce t h e  ca lcu la ted  curves given by H u l b u r t  ( R e f .  3O), where a = 

-8
P ~ O - ~ ,10 and 0 0 .  The only reasonable conclusion i s  t h e  following: 

t h e  observat ions are best  represented by a value' of  t h e  recombination 

'Determinations made by Appleton (Proc. Roy. Soc. London, 162, 451, 1937) 
and by B e s t ,  Farmer and R a t c l i f f e  ( i b i d . ,  164, 96, 1938) i nd ica t e  t h a t  

-8during t h e  day ci 2.10 . 

I 
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First Total eclipse 
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10 11 hr 
Local time 


Figure 6. Theoretical values of the maximum elec
tron concentration of the E region at Pernambuco, 
Brazil, for the solar eclipse of 1 October 1940, 
according to E. 0.Hulburt, Phys. Rev., 55, 646, 
1939. 


The various curves were calculated for values 

of a = 10-9to 2.10-3. The extreme case, where the 
electron production is at any instant in equilib
rium with the recombination, is represented by the 
curve a = 00 

coefficient in excess of 2*10-8. In other words, the value of 
aN,- is
dt 

so slight compared to P and to a N E2 during most of the day that the equi

librium may be considered to be practically established at every instant 

t between the production and the recombination of electrons. 


Consequently, the value of the recombination coefficient of the E 


region varies between and 2.lO-’. Well-defined and constant d u r 

ing the night (2 to 4*10-’), it is markedly greater than this value 

during the day, and various observations, the diUrnalvariation in gener

al and the variation during solar eclipses in particular, reveal in all 


cases values in excess of and even 10-7. 
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L l I I I -~ L--I- 1  
6 10 U U Y n 

Figure 7. Comparison between observat ions made a t  
Huancayo and t h e  t h e o r e t i c a l  curves t raced  f o r  d i f 
f e r e n t  values  of a, by E.  0. H u l b u r t ,  Phys. Rev., 
55, 639, 1.939. 

The c i r c l e s ,  po in ts  and crosses  represent  t h e  
observed mean monthly values of t h e  e l e c t r o n  con
cen t r a t ion  of t h e  E region f o r  January, February 
and March 1938, respec t ive ly  

Abnormal Var ia t ions  

The p a r t i c u l a r  condi t ions charac te r iz ing  t h e  abnormal condi t ions 
a r e  given var ious names such as "abnormal region",  "abnormal ioniza
t ion",  " intense ion iza t ion" ,  and "perturbed layer" .  Apparently, t h e r e  
e x i s t s  a whole gamut of abnormal v a r i a t i o n s  whose physical  condi t ions 
cannot always be p rec i se ly  determined. However, it may be assumed t h a t  
i n  c e r t a i n  cases  t h e  abnormal ion iza t ion  results from e lec t ron  "clouds" 
wi th in  t h e  normal E region.  The a l t i t u d e  of t h e s e  clouds i s  genera l ly  
lower (by approximately severa l  ki lometers)  than  t h e  maximum l e v e l  of 
t h e  E region.  This abnormal ion iza t ion  appears both during t h e  day and 
a t  n ight  and las ts  f o r  time i n t e r v a l s  varying from a few seconds t o  one 
hour. Furthermore, abnormal behavior seems t o  be manifested i n  t h e  case 
of a climax ( e spec ia l ly  a t  high and middle l a t i t u d e s )  by ionized clouds 
of high concentrat ions which exceed t h e  normal ion iza t ion  of t h e  E l a y e r  

and reach 106 e lec t rons  per  em3 . 
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Simple Pe r tu rba t ions  

Among abnormal types  of behavior t h e r e  e x i s t  some perturbed condi
t i o n s  which a r e  wel l -def ined and which d i f f e r  from t h e  i r r e g u l a r i t i e s  
c i t e d  i n  t h e  preceding paragraph; t h e s e  a r e  t h e  pe r tu rba t ions  corre
sponding t o  t h e  sudden s h o r t  wave fade-out and t o  t h e  c o r r e l a t i v e  r e i n 
forcement of long waves. This phenomenon, which i s  simultaneous wi th  
chromospheric e rupt ions ,  can be  in t e rp re t ed  by assuming a sudden i n 
crease  i n  i o n i z a t i o n  a t  t h e  base or above t h e  E region, an increase  
which causes an absorp t ion  of s h o r t  waves and a b e t t e r  " r e f l e c t i o n "  of 
long waves. A study of t h i s  ionospheric pe r tu rba t ion  appears very 
i n t e r e s t i n g  because it a l s o  corresponds t o  a pe r tu rba t ion  i n  t h e  normal 
d i u r n a l  v a r i a t i o n  of t h e  e a r t h ' s  magnetic f i e l d  and should make it pos
s i b l e  t o  deduce t h e  o r i g i n  of t h e  d i u r n a l  s o l a r  v a r i a t i o n  from t h e  ter
r e s t r i a l  magnetism. The c h a r a c t e r i s t i c s  of t h i s  pe r tu rba t ion  should, 
t he re fo re ,  be determined ( see  Section 6) .  

Ionospheric Storm 

This  ionospheric per turba t ion ,  about which knowledge i s  only begin
ning t o  progress beyond t h e  d e s c r i p t i v e  s t age  (Ref. 34) should be con
s idered  as a d i s r u p t i o n  of equi l ibr ium i n  t h e  upper atmosphere. It i s  
a c t u a l l y  t h e  cause of t h e  magnetic storm, f o r  which d e s c r i p t i o n s  a r e  
very numerous. Since no q u a n t i t a t i v e  observa t iona l  d a t a  have been 
published as  yet ,  it i s  not p re sen t ly  poss ib le  t o  i n d i c a t e  t h e  exac t  
na ture  of t h i s  pe r tu rba t ion  or, t he re fo re ,  t o  look f o r  a q u a n t i t a t i v e  
t h e o r e t i c a l  so lu t ion  of t h i s  problem. 

Sec t ion  4. The F1 Region 

The F1 reg ion  can be observed only during p a r t  of t h e  day, and t h e  

c h a r a c t e r i s t i c  p r o p e r t i e s  of t h e  v a r i a t i o n  of i o n i z a t i o n  are then  ana l 
ogous t o  those of t h e  E l a y e r .  A l s o ,  t h e  d iu rna l ,  seasonal  and 11-year  
v a r i a t i o n s  of t h e  two reg ions  are comparable. Therefore, t h e  same con
s i d e r a t i o n s  apply t o  these  v a r i a t i o n s  of t h e  two regions,  and they  should 
be in t e rp re t ed  by analogous t h e 6 r e t i c a l  r e l a t i o n s .  The recombination 

c o e f f i c i e n t  i s  of t h e  o rde r  of 10-8 . However, t h e  disappearance of t h e  
F1 l a y e r  when t h e  he igh t  of t h e  sun i s  r e l a t i v e l y  low i n d i c a t e s  a pecu

l i a r  behavior c h a r a c t e r i s t i c  of t h i s  l a y e r .  During t h e  n igh t ,  t h e  com
p l e t e  disappearance of t h e  F1 l aye r ,  even a t  t h e  Equator and a t  t h e  l o w  

l a t i t u d e s ,  should be due t o  t h e  v a r i a t i o n  i n  t h e  value of t h e  recombination 
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c o e f f i c i e n t ,  which a t  t h i s  l e v e l  induces a decrease i n  e l e c t r o n  concen
t r a t i o n  such t h a t  it i s  lower than t h a t  of t h e  E region. 

Sec t ion  5 .  The F2 Region 

I n  con t r a s t  t o ' t h e  simple v a r i a t i o n s  of t h e  E and F1 regions,  t h e  

ion iza t ion  of t h e  F2 reg ion  presents  i r r e g u l a r i t i e s  which observation 

has not  y e t  been able t o  follow completely. Moreover, f l u c t u a t i o n s  of 
t h e  e l e c t r o n  concent ra t ions  are frequent and present  numerous anomalies. 
However, even if  t h e s e  anomalies a r e  excluded, t h e  var ious  continuous 
v a r i a t i o n s  a r e  complex and have not y e t  been e luc ida ted .  I n  t h e  d i s 
cussion which follows, t h e  cha rac t e r  of t h e  p r i n c i p a l  phenomena w i l l  be 
described i n  o rde r  t o  permi t  a phys ica l  i n t e r p r e t a t i o n  of t h e  most 
genera l  r e s u l t s .  

A l t i t u d e  of t h e  I o n i z a t i o n  M a x i m u m  

Whereas t h e  v i r t u a l  he ights  of t h e  i o n i z a t i o n  maxima of t h e  E region 
correspond f a i r l y  w e l l  t o  t h e  r e a l  he igh t s  ( t h i n  l a y e r ) ,  t h i s  i s  no long
e r  t h e  case of those  of t h e  F2 region, whose de te rmina t ion  i s  s t rong ly  

influenced by t h e  e f f e c t  of t h e  lower l a y e r s  (absorp t ion) .  I n  f a c t ,  
t h e  v a r i a t i o n s  of t h e  v i r t u a l  he ights  of t h e  F2 reg ion  do  not correspond 

t o  t h e  v a r i a t i o n s  of t h e  a c t u a l  heights,  i .e . ,  t h e  a l t i t u d e s  of t h e  maxi
m a  of NE; a t tempts  a r e  being made t o  approximate these  a l t i t u d e s  ( R e f .  

3 5 ) .  Figure 8 i s  a t y p i c a l  example of t h e  d i f f e r e n t  v a r i a t i o n s  of t h e  
r e a l  and v i r t u a l  he ights .  Whereas t h e  a l t i t u d e  of t h e  E and F1 reg ions  

diminishes under t h e  solar influence,  t h e  F2 reg ion  shows r a t h e r  an i n 

verse  v a r i a t i o n  of t h e  v i r t u a l  he ight .  Indeed, i n  t h e  course of t h e  
year,  t h e  i o n i z a t i o n  maximum a t  t h e  same s t a t i o n  varies i n  a l t i t u d e  as 
t h e  he ight  of t h e  sun above t h e  horizon. On t h e  basis of t h e  i n i t i a l  
r e s u l t s  (Ref. 3 5 ) ,  it would seem t h a t  t h e  real  a l t i t u d e  increases  by 
about 50 km from win te r  t o  summer. I n  addi t ion ,  t h e  l a t i t u d e  e f f e c t  
a l s o  appears t o  be i n  t h e  same d i r e c t i o n ;  observa t ions  made a t  Huancayo, 
Watheroo and Washington tend t o  show t h a t  t h e  a l t i t u d e  of t h e  ion iza t ion  
maximum a t  Huancayo (Equator) i s  d e f i n i t e l y  g r e a t e r  than  t h e  r e spec t ive  
a l t i t u d e s  a t  Watheroo (Australia) and Washington. The real a l t i t u d e s  
of t h e  i o n i z a t i o n  maximum of F2 a t  Washington and Watheroo a r e  of t h e  
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Figure 8. Va lues  of t h e  maximum e lec t ron  concentra
t i o n  and of  i t s  a l t i t u d e  i n  t h e  F1 and F2 regions a t  
Washington i n  June-July 1938, according t o  F. L. 
Mohler, Jour .  Res. N a t .  Bur .  Stand., 25, 507, 1940 

order  of 350 km, whereas those  corresponding t o  Huancayo a r e  on t h e  order  
of 430 km. Since t h e  r e s u l t s  published on t h e  r e a l  he ights  a r e  s t i l l  
incomplete and occas iona l ly  i n  m u t u a l  disagreement, it i s  not  poss ib le  
t o  car ry  out  a more ex tens ive  examination. Af te r  sunset ,  t h e  a l t i t u d e  
of t h e  F2 region gradual ly  increases ,  and t h e  du ra t ion  of t h e  increase  

seems t o  be s h o r t e r  t h e  higher  t h e  normal a l t i t u d e  of t h e  l aye r .  Af t e r  
t h i s  increase,  gene ra l ly  before  midnight, t h e  he ight  of t h e  l a y e r  remains 
constant  o r  decreases  u n t i l  sun r i se  ( see  Figure 8). 

Diurnal  Var ia t ion  

If we consider t h e  d i u r n a l  v a r i a t i o n  of t h e  e l e c t r o n  concentrat ion 
of a l l  t h e  s t a t i o n s  d i s t r i b u t e d  over t h e  sur face  of t h e  globe we f i n d  
a l l  types of va r i a t ions ,  which shows t h a t  t h e  inf luence  of  t h e  sun i s  
no t  expressed by l a w s  as simple as those i n  t h e  case of t h e  E l aye r .  
Typical cases  include a d i s t i n c t  decrease i n  t h e  e l e c t r o n  concentrat ion 
about noon, when t h e  sun i s  a t  i t s  maximum height .  This abnormal decrease 
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can t h e r e f o r e  be r e l a t e d  only t o  t h e  s t r u c t u r e  of t h e  atmosphere, which 
changes during t h e  day and wi th  t h e  l a t i t u d e . .  Hence, 'an attempt should 
be made t o  r e l a t e  t h e  e l e c t r o n  v a r i a t i o n  t o  t h e  v a r i a t i o n  of t h e  he igh t  
of t h e  region, b u t  no accura te  study has as y e t  been undertaken. How
ever, an i n v e s t i g a t i o n  made by F. L. Mohler (Ref. 35) i n t o  some simple 
cases  observed i n  Washington (Figures 8 and 9) makes it poss ib l e  t o  draw 
c e r t a i n  conclusions. Indeed, by admitt ing a p r i o r i  t h e  l a w  

w e  ob ta in  O! = 0.8.10-10for October 1938, and O! = l.lO-lo for November 
1938. 

For June-July 1938, i f  we assume t h a t  

dN,-= P - 6hTEdt 

we f i n d  (3 = 6*10-5. 

For September 1938, i f  we s e t  

we have a = 0.7.10-10. 
By considering t h e  values of t h e  e l e c t r o n  concent ra t ion  f o r  t h e  

same hour angle, before noon (a.m.) and after noon (p.m.) during t h e  

month of October, 1938, Mohler obtained t h e  average value a = 0.9-10-10+

0.2.10-~~,
by w r i t i n g  

a r e l a t i o n  which r e s u l t s  from (1.4). 

Using t h e  same procedure, Appleton (Ref. 30) had a l r eady  found t h e  

value 0.84.10-10 f o r  t h e  recombination c o e f f i c i e n t  i n  England. 

F ina l ly ,  a comparison of t h e  values f o r  t h e  sun r i se  and sunse t  f o r  

20 months of t h e  1937-1939 period y i e l d s  t h e  values a! = O . g * l O  -10 
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Figure 9. Values of t h e  m a x i m u m  e l e c t r o n  concentra
t i o n  of t h e  F2 reg ion  and of i t s  a l t i t u d e  a t  Washing
ton  i n  October 1938, a:ccording t o  F. L. Mohler, Jour .  
Res. N a t .  B u r .  Stand., 25, 507, 1940 

0.3*10-10. However, t h e s e  resul ts  do not,  i n  any way, c l a r i f y  t h e  ab
normal decrease about noon and, i n  t h e  f i n a l  ana lys i s ,  provide only ap
proximate d a t a  for t h e  s imples t  v a r i a t i o n s .  

Seasonal and Geographical Var ia t ions  

Whereas i n  t h e  Northern Hemisphere t h e  e l e c t r o n  concent ra t ion  i s  a t  
a minimum i n  summer and p resen t s  an annual v a r i a t i o n  similar t o  t h e  
d i u r n a l  v a r i a t i o n ,  i t s  behavior i s  completely d i f f e r e n t  i n  t h e  Southern 
Hemisphere. Despi te  numerous i n v e s t i g a t i o n s  (Ref. 36) undertaken i n  
order  t o  determine t h e  var ious  components of t h e  g loba l  v a r i a t i o n ,  t h e  
anomalies presented by t h e  F2 region have not y e t  been e luc ida ted .  Thus, 

Appleton (Ref. 37) has determined (Figure 10) t h e  c h a r a c t e r i s t i c  v a r i a 
t i o n  of t h e  i o n i z a t i o n  of t h e  F2 region f o r  a period of s o l a r  a c t i v i t y  

constant f o r  two l o c a t i o n s  s i t u a t e d  a t  39ON and 39's l a t i t u d e ,  respec
t i v e l y .  According t o  Figure 10, t h e r e  i s  f i r s t  an abnormal seasonal  
e f f e c t  r e s u l t i n g  from t h e  ex i s t ence  of an i o n i z a t i o n  minimum i n  summer 
(June-July f o r  3 9 O N  and December-January f o r  39's). This phenomenon 

)) 	
should be compared wi th  t h e  re la t ive  minimum a t  noon. It would, t h e r e 
fo re ,  be necessary t o  s tudy  t h e  simultaneous v a r i a t i o n  of t h e  r e a l  
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Figure 10. C h a r a c t e r i s t i c  v a r i a t i o n  of t h e  noon e l e c 
t r o n  concentrat ion of t h e  F2 reg ion  f o r  a constant  
period of s o l a r  a c t i v i t y  f o r  two s t a t i o n s  loca ted  a t  
t h e  same l a t i t u d e s  i n  the  two hemispheres. 

The maxima P represent  t h e  spr ing  maxima; t h e  mini
m a  E, t h e  s u m m e r  minima; t h e  maxima A, t h e  autumn 
maxima, and t h e  minima H, t h e  win te r  minima 

height  of  t h e  l a y e r .  Furthermore, t h e  ion iza t ion  minimum i n  win ter  a t  
t h e  two s ta tLons may correspond t o  t h e  normal decrease observed i n  a l l  
t h e  cases  where t h e  s o l a r  in f luence  decreases .  F ina l ly ,  an apprec iab le  
asymmetry (Figure 10)which could not  be  r e l a t e d  t o  any known v a r i a t i o n  
exists between t h e  annual curves i n  t h e  two hemispheres. 

From t h e  genera l  behavior of i on iza t ion  i n  t h e  F2 region, it i s  

p r a c t i c a l l y  impossible t o  deduce simple v a r i a t i o n s  analogous t o  those  of 
t he  lower regions,  and it i s  the re fo re  necessary t o  perform inves t iga 
t i o n s  along completely d i f f e r e n t  l i n e s .  Because of t h e  high a l t i t u d e  of 
t h e  F2 region, t h e  r a t i o  of t h e  molecular concent ra t ion  t o  t h e  e l e c t r o n  

concentrat ion i s  appreciably lower than  t h e  r a t i o  corresponding t o  t h e  
E region.  Hence, it i s  poss ib l e  t h a t  t h e  e a r t h ' s  magnetic f i e l d  may 
p lay  t h e  most important p a r t  i n  t h e  d i s t r i b u t i o n  of t h e  ion iza t ion .  A 
r ecen t  r e p o r t  by 0. Burkard (Ref .  38) seems t o  ind ica t e  t h a t  t h i s  l i n e  
of research  could be f r u i t f u l .  By consider ing t h e  semestral i on iza t ion  
averages supplied by t h e  s t a t i o n s  whose d a t a  are s u f f i c i e n t ,  it i s  found 
t h a t  a l i n e a r  r e l a t i o n  between t h e  m a x i m u m  e l e c t r o n  concentrat ion and 
t h e  cosine of t h e  geomagnetic l a t i t u d e  exis ts .  Furthermore, it i s  ap
parent  from t h e  same resul ts  t h a t  an e f f e c t  of t he  geomagnetic longi tude 
exists on t h e  d a t e  of t h e  appearance of t h e  annual maximum and minimum 



of  ion iza t ion .  It appears,  t he re fo re ,  t h a t  t h e  magnetic f i e l d  Eauses a 
dissymmetry i n  t h e  d i s t r i b u t i o n  of t h e  ion iza t ion  wi th  r e spec t  t o  t h e  
normal geographical d i s t r i b u t i o n .  Furthermore, it may be noted t h a t  
t h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  expressed by a l i n e a r  r e l a t i o n  between 
t h e  geographical l a t i t u d e  and t h e  average ion iza t ion .  W e  can t h e r e f o r e  
assume, i n  t h e  f i n a l  ana lys i s ,  t h a t  an examination of new observat ions 
of  t h e  F2 region w i l l  have t o  be undertaken by consider ing t h e  geograph 

i c a l  and geomagnetic pos i t i ons  a t  t h e  same t i m e .  

Long-Period Var ia t ion  

Although it i s  p r a c t i c a l l y  impossible t o  determine t h e  d iu rna l ,  
seasonal and geographical  components of t h e  v a r i a t i o n  i n  t h e  e l e c t r o n  
concentrat ion of t h e  F2 region, t h e  type  o f  v a r i a t i o n  sub jec t  t o  t h e  

s o l a r  a c t i v i t y  appears more r e a d i l y .  It i s  even s u f f i c i e n t ,  without  
e l imina t ing  t h e  o t h e r  va r i a t ions ,  t o  compare t h e  average e l e c t r o n  concen
t r a t i o n s  observed a t  a g iven  s t a t i o n  wi th  t h e  d a t a  which b e s t  r ep resen t  
t h e  s o l a r  a c t i v i t y .  Indeed, one f i n d s  t h a t  t h e r e  i s  a good r e l a t i o n s h i p  
between t h e  two v a r i a t i o n s  (Ref. 29).  For t h e  period from 1934 t o  1937, 
which corresponds t o  a l i t t l e  less than  a ha l f -cyc le  o f  t h e  11-year s o l a r  
a c t i v i t y ,  t h e  average e l e c t r o n  concentrat ion a t  noon a t  Washington i n  

t h e  F2 region changed from 4.2*105 t o  1.4.106 e l ec t rons  pe r  cm3. During 

t h e  same period, t h e  increase  of t h e  e l e c t r o n  concentrat ion i n  t h e  E and 
F1 regions,  i s  descr ibed by a f a c t o r  (Ref. 39)  of t h e  order  o f  1.6.l 

Simi lar ly ,  if w e  compare t h e  average values  f o r  t h e  same month, f o r  

example, (NE) lg37, w e  f i nd  t h e  value of t h e  r a t i o  t o  be 1.71 f o r~. 

('E) J u l y  1934 

t h e  E region,  1.55 f o r  t h e  F1 region,  and 2.34 f o r  t h e  F2 region.  

For 	(NE) J u l y  1939 , we have 1 .4  f o r  t h e  E region, 1.3 f o r  t h e  F1 
(NE) J u l y  1934 

region, and 1.71 f o r  t h e  F2 region. Thus, as w a s  noted by F. L. Mohler 

( R e f .  35), we f i n d  t h a t  t h e  f a c t o r  of increase  i n  t h e  ion iza t ion  of t h e  
F2 region r e s u l t i n g  from t h e  s o l a r  a c t i v i t y  i s  approximately equal  t o  
t h e  square of t h e  corresponding f a c t o r  of t h e  E and F1 regions.  

l 0 n  t h e  b a s i s  of t h e  resu l t s  of a s tudy by Appleton and Naismith ( R e f .
39), w e  have t h e  fol lowing values  f o r  t h e  r a t i o s  of t h e  e l e c t r o n  concen
t r a t i o n  a t  t h e  maximum and minimum of s o l a r  a c t i v i t y :  1.50 for E and 
1.58 f o r  F1. 



-- 
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I f  $e compare t h e  11-year v a r i a t i o n  of t h e  F2 region wi th  t h e  v a r i 

ous forms represent ing  t h e  s o l a r  a c t i v i t y ,  w e  f i n d  t h a t  t h e  bes t  co r re l a 
t i o n  i s  given by t h e  f a c u l a r  plages of  ionized calcium (see Goodall, 
Ref. 40). However, t h i s  result merely i n d i c a t e s  t h a t  t h e  counting of 
t h e  f a c u l a r  plages i s  done on an a r b i t r a r y  s c a l e  which tends t o  smooth 
out  t h e  f l u c t u a t i o n s  of t h e  f a c u l a r  a c t i v i t y  i n  c o n t r a s t  t o  t h e  s c a l e  
which g ives  t h e  Wolf r e l a t i v e  numbers f o r  sunspots.  I n  a l l  cases,  it i s  
poss ib le  t o  represent  t h e  e f f e c t  of t he  s o l a r  a c t i v i t y  i n  a simple form. 

Let (NE)m a x  ,M be t h e  maximum e lec t ron  concentrat ion of t h e  reg ion  dur ing  

a s o l a r  a c t i v i t y  maximum and (NE )m a x , m  be  t h e  corresponding value during 
a minimum. 

Le t  u s  se t  

nnd, on t h e  b a s i s  of  t he  in t e rp re t a t ion  ind ica ted  above f o r  t h e  exper i 
mental resul ts ,  we s h a l l  ob ta in  t h e  following r e l a t i o n s  which can be  
accepted t o  a f i r s t  approximation: 

2 2 

sE=sF1 = F2 
(1.9) 

where t h e  ind ices  E, F
1 

and F2 des igna te  t h e  regions E, F1 and F2. 

Nocturnal Variat ion 

Af te r  sunset ,  t h e  condi t ions of i o n i z a t i o n  are obviously less  com
plex, and t h e  var ious  experimental  i nves t iga t ions  y i e ld  f a i r l y  cons i s t en t  

d S ,
resul ts .  Thus, Appleton, by applying t h e  law 

01 
-- - a N k ,  has d e t e r 

mined t h e  fol lowing values of a f o r  t h e  southeas t  of England: 

Period Value of a Period Value of Q 

25-26 Apr i l  1.933 3.7 t o  6 . 0 - s o - l ~  16-17 May 1934 2. 9*10-10 

11-12 Apr i l  1934 3.6.10-10 24-25 J u l y  1934 3.4*10-10 

Apr i l  (av.)  1934 2 .5*10-~O Sept . (av. ) 1934 1.84* 10-l' 
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Simi lar  determinat ions made by Mohler (Ref. 41) f o r  t h e  Washington 

s t a t i o n  give an average va lue  of 0.7.10-10f o r  20 months, d i s t r i b u t e d  
over t h e  period 1937-1939. These ind iv idua l  values of t h e  recombination 
c o e f f i c i e n t  a do not d i f f e r  very much from one another and are a l l  
lower than  those  obtained by Appleton. This d i f f e r e n c e  i s  due s o l e l y  
t o  t h e  f a c t  t h a t  t h e  c o e f f i c i e n t s  do not  correspond t o  t h e  same period. 
Indeed, similar de te rmina t ions  (Ref. 41) a t  Washington based on 10 
months chosen during t h e  1934-1935 period y i e ld  va lues  of a (as v a r i 

ab le  a s  those obtained by Appleton) between 2.10-10 and 6.10-~'. Con
sequently, f o r  t h e  same period, t h e  recombination c o e f f i c i e n t s  a a r e  
i d e n t i c a l  a t  t h e  two s t a t i o n s .  

Thus, t h i s  d i s p e r s i o n  i n  t h e  values of t h e  recombination c o e f f i 
c i e n t  a and i t s  v a r i a t i o n  a s  a func t ion  of NE (1934 t o  1937) i n d i c a t e s  

t h a t  a depends on t h e  value of t h e  e l e c t r o n  concentration. I n  o the r  
words, one should w r i t e  ( s ee  Note i n  Section 3, page 20): 

(1.10) 

This r e l a t i o n ,  appl ied  t o  t h e  noc turna l  v a r i a t i o n  of NE i n  t h e  case 

studied by Mohler f o r  June-July 1938 (Figure 8) y i e l d s  

dX, 


dt 
-= - 0.3 x 30-10 N;- 2 x 10--5N, (1.11) 


This r e s u l t  a p p l i e s  t o  an average a l t i t u d e  of 360 km, corresponding 
t o  t h e  maximum of t h e  e l e c t r o n  concentration. On t h e  b a s i s  of t h e  
knowledge of t h e  v a r i a t i o n  a t  a lower a l t i t u d e  (270km), Mohler (Ref.
41) was a l s o  a b l e  t o  study t h e  noc turna l  v a r i a t i o n  and obtained 

(1.12) 

which demonstrates t h e  inc rease  of an equiva len t  recombination c o e f f i 
c i e n t  wi th  t h e  inc rease  i n  molecular concentration. 

I n  short ,  t h e  noc tu rna l  e l e c t r o n i c  v a r i a t i o n  of t h e  F2 region f o l 

lows a law d i f f e r e n t  from t h a t  of t h e  E region. The remarkable con
s tancy  of t h e  e f f e c t i v e  recombination c o e f f i c i e n t  i n  t h e  E region con
t r a s t s  i n  t h e  F2 reg ion  wi th  a v a r i a t i o n  law t h a t  depends d i r e c t l y  on 

t h e  e l ec t ron  and molecular concentration. 
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Var ia t ion  During Ec l ipses  

Observation of  t h e  v a r i a t i o n  of i o n i z a t i o n  i n  var ious reg ions  of 
t h e  ionosphere during e c l i p s e s  should provide t h e  ind isputab le  c r i t e r i o n  
of t h e  electromagnet ic  or corpuscUlar na ture  of t h e  s o l a r  r a d i a t i o n  
causing t h e  ion iza t ion .  Whereas, i n  t h e  case of t h e  E and F1 regions,  

t h e r e  exists a p e r f e c t  s imul tane i ty  between t h e  e l e c t r o n  v a r i a t i o n s  and 
t h e  e c l i p s e  of an electromagnet ic  r ad ia t ion ,  t h e  results obtained f o r  
t h e  F2 reg ion  do not  q u i t e  agree ( R e f .  31). 

Despi te  t h e  r a p i d i t y  of  t h e  e f f e c t  of  t h e  sun a t  sunr i se ,  t h e  
corpuscular o r i g i n  of t h e  ion iza t ion  has always been considered poss ib l e  
by var ious authors .  However, r ecen t  determinat ions made i n  B r a z i l  
( R e f .  33) and South Afr ica  (Ref .  42) dur ing  t h e  e c l i p s e  of  1 October 
1940 have f i n a l l y  supplied an experimental  confirmation of t h e  f a c t  
t h a t  t h e  F2 region i s  subjected t o  s o l a r  u l t r a v i o l e t  r ad ia t ion .  Thus 

fa r ,  we d o  no t  have a l l  t h e  d e t a i l s  of  t h e  observat ions,  b u t  we can de
duce from t h e  information obtained ( R e f .  42) t h a t  t h e  i n s t a n t s  of mini
mum e l e c t r o n  concentrat ion appear, respec t ive ly ,  30 minutes and one hour 
following t o t a l i t y  i n  South Afr ica  and B r a z i l .  Whereas i n  B r a z i l  t h e  
decrease i n  ion iza t ion  up t o  t h e  end of t o t a l i t y  corresponds t o  a recom

b ina t ion  coe f f i c i en t  a = LO-10, t h e  ion iza t ion  observed a f t e r  t h e  e c l i p s e  

i s  less than t h e  va lue  which should be expected f o r  a = 10-l'. On t h e  
o the r  hand, i n  South Afr ica ,  t h e  observed v a r i a t i o n  corresponds t o  a de
crease  of about 23 percent  and t h e  observed a c o e f f i c i e n t  would be of  t h e  

order  of 4.10-11. Fina l ly ,  t h e  search f o r  a corpuscular e f f e c t  has shown 
t h a t  t h e  l a t t e r  d id  not  take  place.  

I n  summary, t h e  observat ions performed during e c l i p s e s  r e v e a l  t h a t  
t h e  e l e c t r o n  production of t h e  F2 l a y e r  i s  not  i n  equi l ibr ium wi th  t h e  

recombination. The l o w  r e l a t ive  value of t h e  equiva len t  recombination 
c o e f f i c i e n t  a as  w e l l  as t h e  d i f fe rences  observed in t h e  course of t h e  
same e c l i p s e  prove s a t i s f a c t o r i l y  t h a t  t h e  l a w s  of t h e  e l e c t r o n i c  var ia
t i o n  are s t rong ly  dependent on t h e  phys ica l  condi t ions  of  t h e  upper 
atmosphere. 

Per turba t ions  

While t h e  normal condi t ions cha rac t e r i z ing  t h e  F2 l a y e r  are ill-

defined,  var ious per turba t ions  such as sporadic  f l u c t u a t i o n s  and 
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ionospheric storms admit of only p i c t o r i a l  desc r ip t ions .  While awai t ing 
da ta  on the  f ine  s t r u c t u r e  of  t he  ion iza t ion  s ta te ,  w e  s h a l l  confine 
ourselves  t o  t h e  genera l  cons idera t ions  which have a l ready  been i n d i 
cated i n  t h e  case o f  t h e  E layer .  

I n  conclusion, t h e  resu l t s  acquired by observat ions of t h e  F2 re

gion ind ica t e  t h a t  t h e  e l e c t r o n  concentrat ion i s  subjected t o  t h e  e f f e c t  
of electromagnetic s o l a r  r ad ia t ion .  However, t h e  low value of t h e  re
combination c o e f f i c i e n t  shows t h a t  the l a y e r  undergoes f l u c t u a t i o n s  
which depend mainly on t h e  phys ica l  condi t ions of  t h e  atmosphere a t  high 
a l t i t u d e s .  

Sect ion 6. Sudden Fade-out 

During t h e  development of an e rupt ion  wi th in  a f a c u l a r  s o l a r  plage,  
a magnetic pe r tu rba t ion  whose m a x i m u m  i n t e n s i t y  i s  observed when t h e  sun 
i s  a t  t h e  zeni th  appears simultaneously wi th  a sudden fade-out of s h o r t  
waves and with a reinforcement of long waves. A n  ionospheric study has 
shown pr imar i ly  t h a t  t h e  F2 region suffers only s l i g h t  modif icat ions 

(Ref. 43) due t o  t h e  s o l a r  erupt ion.  Indeed, it can be shown t h a t  a f t e r  
t h e  fade-out  has ceased, t h i s  region preserves  t h e  same s t r u c t u r e  as 
before .  Moreover, s ince  t h e  normal behavior of t h e  ion iza t ion  makes it 
poss ib le  t o  show t h a t  t h e  recombination c o e f f i c i e n t  i s  no g r e a t e r  than  

it i s  c e r t a i n  t h a t  i f  important modif icat ions were involved i n  
t h e  s t r u c t u r e  of t h e  F2 region, they would necessa r i ly  be observed. A s  

f a r  as the  E l a y e r  i s  concerned, where t h e  recombination c o e f f i c i e n t  i s  

-8
g r e a t e r  than 10 , t h e  fade-out e f f e c t  may d isappear  a sho r t  t i m e  a f t e r  
t h e  fade-out has ceased, f o r  t h e  l a y e r  r e t u r n s  r ap id ly  t o  i t s  equ i l ib 
r i u m  s ta te .  L. V. Berkner (Ref. 43) has shown t h a t  t h e  E region reap
pears  wi th  a s l i g h t  i nc rease  i n  t h e  e l e c t r o n  concentrat ion.  Thus, s ince  
t h e  absorpt ion i s  sure  t o  take  p lace  below t h e  maximum e l e c t r o n  concen
t r a t i o n ,  it may be concluded t h a t  t h e  fade-out resul ts  from an inc rease  
i n  the  ion iza t ion  a t  t h e  base or below t h e  E l aye r ,  i .e. ,  a t  an a l t i t u d e  
of less  than  100 km.  

Sudden s h o r t  wave fade-outs  are r e f l e c t e d  i n  recordings of atmos
pherics .  R .  Bureau  ( R e f .  44) has shown t h a t  a sudden reinforcement of 
long waves i s  shown by t h e  recording of atmospheric noise .  On t h e  o t h e r  
hand, Budden, R a t c l i f f e  and Wilkes ( R e f .  28),  by studying t h e  propaga
t i o n  of long waves of 18.8 km, f ixed  t h e  average a l t i t u d e  of t h e  " r e f l ec 
t i o n "  l e v e l  a t  67 km. I n  summary, t h e  ionospheric  observat ions show 



t h a t  t h e  ionospheric  per turba t ion  wi th  a sudden commencement i s  loca l i zed  
between 65 and 100 km. 

The magnetic e f f e c t s  assoc ia ted  wi th  s o l a r  e rupt ions  show w e l l -
def ined c h a r a c t e r i s t i c  proper t ies .  Mc Nish (Ref .  45) has shown t h e  s i m i 
l a r i t y  of t h e  respec t ive  changes i n  t h e  earth 's  magnetic f i e l d  during 
t h e  normal d i u r n a l  v a r i a t i o n  and i n  t h e  considered per turba t ion .  Indeed, 
f o r  a given s t a t i o n  and hour, t h e  pe r tu rba t ion  i s  manifested by a modi
f i c a t i o n  of t h e  e a r t h ' s  magnetic f i e l d  similar i n  magnitude and d i r e c 
t i o n  t o  t h a t  of  t h e  normal d i u r n a l  va r i a t ion .  I n  o the r  words, t h e  
chromospheric e rupt ion  produces an ionospheric  per turba t ion  and hence 
an assoc ia ted  magnetic per turba t ion  whose e s s e n t i a l  feature i s  an in 
crease  of t h e  normal d i u r n a l  v a r i a t i o n  of  t h e  e a r t h ' s  magnetic f i e l d .  
Such an e f f e c t  coupled wi th  t h e  ionospheric  results ind ica t e s  t he re fo re  
t h a t  t h e  normal magnetic d i u r n a l  v a r i a t i o n  results from a cur ren t  of 
charged p a r t i c l e s  i n  a region s i tua ted  between 65 and 100 km, and t h a t  
the  magnetic per turba t ions  corresponding t o  sudden ionospheric per turba
t i o n s  arise i n  t h e  same region of t h e  upper atmosphere. 

Since ou r  purpose i s  t o  determine t h e  phys ica l  condi t ions which 
take  i n t o  account a l l  of t hese  var ious p rope r t i e s ,  w e  have t o  consider 
t h e  na ture  of t h e  a s soc ia t ion  which exis ts  between t h e  fade-outs and t h e  
e rupt ions .  A q u a n t i t a t i v e  s tudy has not  y e t  been made, b u t  a s t a t i s t i c a l  
i nves t iga t ion  by Giovanel l i  and Higgs ( R e f .  46) during t h e  1937-1938 
period corresponding t o  t h e  s o l a r  a c t i v i t y  maximum makes it poss ib le  t o  
draw c e r t a i n  conclusions.  The appearance of  a sudden fade-out depends 
both  on t h e  i n t e n s i t y  and on t h e  sur face  covered by t h e  erupt ion.  A l 
though it i s  not  y e t  poss ib l e  t o  determine t h e  r e l a t i o n  ex i s t ing  between 
t h e  values of t h e  sur face  area and t h e  i n t e n s i t y ,  it appears neverthe
l e s s  t h a t  t h e  product of t hese  two va r i ab le s  m u s t  exceed a c e r t a i n  l i m i t .  
Furthermore, f o r  an i n t e n s i t y  of t h e  Ha l i n e  of hydrogen lower than  t h a t  

of t h e  neighboring continuous spectrum, an .erupt ion produces a fade-out 
only i n  except iona l  cases.  F ina l ly ,  because of  t h e  influence of t h e  
o p t i c a l  th ickness  t raversed  by t h e  s o l a r  rays ,  t h e  height  of t h e  sun 
above t h e  horizon m u s t  reach a minimum value of 15' t o  make a sudden 
fade-out of sho r t  waves observable.  
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C W E R  11. SOLAR RADIATION 

Sect ion 1. In t roduct ion  

That s o l a r  r a d i a t i o n  plays an e f f e c t i v e  p a r t  i n  t h e  formation of 
t h e  ionosphere i s  proven d i r e c t l y  by d a i l y  observat ions of t h e  va r i a 
t i o n  i n  t h e  ion iza t ion  of t h e  upper atmosphere. Furthermore, t h e r e  i s  
no doubt whatsoever about t h e  na ture  of t h i s  r ad ia t ion ,  f o r  observat ions 
during s o l a r  e c l i p s e s  have revealed t h a t  t h e  ion iz ing  agent propagates 
a t  t h e  speed of  l i g h t .  I n  addi t ion ,  s ince  t h e  atoms and molecules i n  
t h e  upper atmosphere have r e l a t i v e l y  high ion iza t ion  po ten t i a l s ,  it f o l 
lows t h a t  t h e  s o l a r  energy absorbed i n  t h e  process of i on iza t ion  cor re
sponds t o  t h e  i n v i s i b l e  u l t r a v i o l e t  region of t h e  spectrum. Thus, t h e  
f irst  problem t o  be solved i n  determining the  phys ica l  p rope r t i e s  of t h e  
ionosphere i s  t o  i n v e s t i g a t e  t h e  fundamental c h a r a c t e r i s t i c s  of t h i s  
r ad ia t ion .  I n  o the r  words, it i s  necessary t o  determine t h e  s o l a r  energy 
usable  for t h e  ion iza t ion  of t h e  upper atmosphere by t ak ing  i n t o  account 
t h e  resul ts  of observat ions and t h e  t h e o r e t i c a l  conclusions.  Thus far ,  
t h e  app l i ca t ion  has  been confined t o  t h e  determinat ion of a simple e m i s 
s ion  of a black body whose temperature i s  of t h e  o rde r  of  6,0000~.1 
However, t h i s  concept i s  excess ive ly  simple, and w e  s h a l l  show t h a t  it 
i s  necessary t o  consider  t h e  complete s t r u c t u r e  of t h e  s o l a r  atmosphere 
i n  order  t o  deduce t h e  a c t u a l  source of  t h e  e f f e c t i v e  r ad ia t ion .  

I n  accordance wi th  t h e  means of i nves t iga t ion  employed (Ref. 47), 
t h e  s o l a r  atmosphere shows US t h e  var ious  l a y e r s  which comprise it. 
V i s u a l  or photographic observat ion shows US t h e  photosphere wi th  i t s  
granulat ion,  which produces t h e  t o t a l  r a d i a t i o n  determined by t h e  s o l a r  
constant .  Hence, by applying t h e  Stefan-Boltzmann l a w  r e l a t i v e  t o  t h e  
t o t a l  r a d i a t i o n  emitted by a black body, it can be deduced t h a t  t h e  ef
f e c t i v e  temperature of t h e  sun i s  of t h e  o rde r  of 5,74O0K. However, 
even i f  t h i s  temperature accounts f o r  t h e  t o t a l  energy rad ia ted  by t h e  
sun i n  t h e  observable region, is  it s t i l l  adequate f o r  t h e  i n v i s i b l e  u l 
t r a v i o l e t  region? On t h e  a f f i rmat ive  s ide,  it i s  i m p l i c i t l y  assumed 
t h a t  i n  t h e  extreme por t ions  of t h e  spectrum, t h e  sun fo l lows  t h e  l a w s  

IF. L. Mohler (Science, Vol. 90, 137, 1939) has suggested t h e  e f f e c t  of 
f l o c c u l i ,  which should be a t  a temperature of 7,500°K, on t h e  production 
of i on iza t ion  of t h e  F

2 
l aye r .  
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of radiation of a black body at the fixed temperature of 5,74OoK. This 

is inadmissible, since this effective temperature differs from the tem

peratures given by the laws of Wien or Planck. Indeed, the maximum in

tensity of the spectrum gives a temperature of the order of 7,000°K. 

Moreover, a comparison of the energy distribution in the solar spectrum 

with the distribution corresponding to Planck's law indicates different 

temperatures in the different spectral regions. In the final analysis, 

all these temperatures have only a limited meaning, and some agreement 

should be reached concerning the concept of "temperature". It is ob

vious that we cannot consider a temperature deduced from the application 

of black-body laws to the sun to be a thermodynamic temperature. We 

shall therefore assume an "equivalent temperature", which will Kake it 

possible to account for the spectral properties of the radiation emitted 

in the invisible ultraviolet by application of Planck's law. 


Above the photosphere which emits the continuous spectrum, a spec

troscopic observation shows us the reversing layer, which produces ab

sorption lines. This layer is therefore at a temperature lower than 

that of the photosphere. Determinations indicate that the limiting tem

perature at the upper part of the layer is of the order of 4,840OK. 


Spectroheliographic and spectroscopic observations during eclipses 

show the presence of a layer which is concentric with the reversing 

layer, the chromosphere, which is characterized by the emission of no

ticeable radiations such as the lines of hydrogen and helium. Finally, 

the last layer, the corona, emits forbidden radiations of strongly 

ionized elements. 


Hence, if use is made of the results acquired by observation of 

the layers of the solar atmosphere, no distinct picture of the ultra

violet emission is directly obtained. However, as far as the continuous 

emission is concerned, it is necessary to retain the possibility of ra

diation from a black body at various equivalent temperatures. In the 

case of the monochromatic emission, the chromospheric radiations cannot 

be neglected a priori, particularly since the facular plages correspond 

to an excess of these radiations in comparison to the normal chromo

sphere. In addition, since the number of facular plages is a function 

of the general activity of the sun, the monochromatic chromospheric 

emission should be related to the general solar activity. 


In summary, the solar radiation, which may determine the ioniza

tion in the upper atmosphere, can only originate from the continuous 

photospheric radiation which has traversed the various layers of the 

solar atmosphere, and from the nonreabsorbed ultraviolet chromospheric 

radiation. 
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Sect ion 2. Radiat ion of t h e  Continuous Spectrum 

I n  determining t h e  u l t r a v i o l e t  energy which reaches t h e  t o p  of t h e  
atmosphere, an approximate representa t ion  has always been adopted. The 
sun i s  considered t o  be a black body wi th  an absolu te  temperature Ts.  

Such a schematization permits  one t o  c a l c u l a t e  t h e  emitted energy by 
the  app l i ca t ion  of Planck ' s  l a w .  

L e t  es(v) be  t h e  r a d i a t i o n  dens i ty  (of frequency v) of t h e  sun 

considered as a black body. A t  t h e  top  of t h e  atmosphere, t h e  dens i ty. 
2 2

of t h i s  r a d i a t i o n  i s  reduced by t h e  d i l u t i o n  f a c t o r  Bs = R /4x = 

'j.4.10-6(R i s  t h e  r ad ius  of t h e  sphe r i ca l  source = r ad ius  of t h e  sun, 
and r i s  t h e  d i s t a n c e  of t h e  poin t  considered t o  be a t  t h e  source = 
d i s t ance  from e a r t h  t o  sun) .  Hence, using P lanck ' s  l a w ,  

r ep resen t s  t h e  d e n s i t y  of t h e  s o l a r  r a d i a t i o n  of frequency v a t  the  t o p  
of t he  atmosphere. I n  t h i s  r e l a t i o n ,  t h e  symbols' have t h e  u s u a l  

meaning: h = 6.62~10-~~, Boltzmann'sPlanck ' s  constant;  k = 1.379*10-16, 
constant;  c i s  t h e  speed-of  l i g h t  and Ts i s  t h e  sun ' s  temperature. 

The energy of a quantum of frequency v being hv, t h e  number of 

quanta emitted per  second pe r  cmd and reaching t h e  t o p  of t h e  atmosphere 
i s  given by 

where v2 and v1 represent  t h e  two frequency l i m i t s  between which w e  are 

considering t h e  emission. The in tegra ted  r e l a t i o n  (11.2) i s  then  
w r i t t e n  i n  a s impl i f ied  form used for numerical ca l cu la t ions ,  

1
The u n i t  system employed i n  t h i s  work i s  t h e  CGS system. 
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if  w e  assume t h a t  ehv/KTs i s  appreciably g r e a t e r  than  1. This  case 
holds f o r  t h e  e n t i r e  unobservable u l t r a v i o l e t  r e g i 0 n . l  

Thanks t o  expression (11.3), w e  have deduced t h e  number of quanta 
usable  a t  t h e  t o p  of t h e  atmosphere f o r  c e r t a i n  s p e c t r a l  regions.  For 
Ts = 6,0000~,5,74OoK and 5,000°K, t h e  resul ts  are co l l ec t ed  i n  Table  1. 

d 


The se lec ted  frequency l i m i t s  may seem a r b i t r a r y  a t  f i r s t  s igh t ;  i n  f a c t ,  
they  correspond t o  c e r t a i n  regions which are immediately appl icable  t o  t h e  
photoionizat ion of  t h e  compounds found i n  t h e  atmosphere. I n  Figure 11, 

Table 1. 	 Number of  quanta usable a t  
f o r  var ious temperatures of 

3gion 
h to 0 

i n  E 
5,606 

41,450 2,412 

57,100 1,750 


77J 000 1,300 

100,000 1,000 

109,670 


850 


795 


661 


504 


-

9
7.0-10 


8
7.9-10 

8
1.3-10 


2.2- 107 

6.5.104 


0

1.4.10 


t h e  t o p  o f  t h e  atmosphere 
t h e  black body 

T = 5,740' T = 5,000° 
~ 

16
9.2-10 


1.0.1015 1.6.10~~ 

3.7*1013 3.5.10l2 

4.3- 1011 2.2'1010 

1.8-lo9 4.8.10~ 
I8
2.5-10 


3.8.107 

r 

5.9-10' 

4
1.4-10 


1.8* 10-' 

IIf 1 is  not  n e g l i g i b l e  compared t o  e-X, it i s  s u f f i c i e n t  t o  w r i t e  

x2 e -x (1+ e-x + e + ...) dx. 
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Figure 11 

Abscissas: number of waves i n  cm-1. 
Ordinates: number of quanta from Y / C  t o  CD reaching the  top of the  

ea r th ‘ s  atmosphere. 
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a graphica l  r ep resen ta t ion  i s  given of t h e  results obtained with t h e  a i d  

of (11.3) f o r  X 9108 and 5,000°K< T s <  12,000°K. This  r ep resen ta t ion  

w i l l  permit a comparison wi th  t h e  results obtained by a study of t h e  
chromospheric emission. 

The f i rs t  conclusion which may be drawn from Table 1 i s  a rapid de
crease i n  t h e  number of quanta a t  t h e  u l t r a v i o l e t  end of t h e  spectrum 
when t h e  temperature decreases .  One can thus  understand t h e  general  
tendency t o  use elevated temperatures for t h e  explanat ion of geophysical 
phenomena n e c e s s i t a t i n g  an abundant u l t r a v i o l e t  energy. However, it i s  
impossible t o  assume i n  a l l  cases  an excess of f a r  u l t r a v i o l e t  wi th  
r e spec t  t o  a black body a t  5,000°K. Indeed, we know from a q u a n t i t a t i v e  
ana lys i s  of t h e  s o l a r  atmosphere t h a t  atomic hydrogen i s  t h e  most abun
dant  cons t i tuent .  This atom, whose i o n i z a t i o n  p o t e n t i a l  i s  equal  t o  
12.53 ev, has a continuum whose absorpt ion c o e f f i c i e n t  i s  equal  t o  

6,6-10-18"03 v - ~ ,where vo denotes  t h e  ion iza t ion  frequency. Calcula

t i o n  shows t h a t  t h e  major p a r t  of t h e  photospheric r a d i a t i o n  of wave

lengths  below 910 8 i s  absorbed, and t h a t  t h e  continuous energy emitted 
by t h e  photosphere cannot escape from the  s o l a r  atmosphere. The o r i g i n  

of u l t r a v i o l e t  r a d i a t i o n  wi th  wavelengths of less than  9108 should, 
therefore ,  be sought i n  t h e  chromosphere. 

Sect ion 3. Chromospheric Radiat ion 

The chromospheric emission i n  t h e  observable s p e c t r a l  region i s  
character ized by in t ense  r ad ia t ions ,  among o t h e r s  those of hydrogen and 
helium, which a r e  immediately followed by t r a n s i t i o n s  corresponding t o  
r a d i a t i o n s  i n  t h e  f a r  u l t r a v i o l e t .  The emission of l i n e s  of t h e  B a l m e r  
series of hydrogen i s  assoc ia ted  wi th  t h e  emission of l i n e s  of t h e  
Lyman series, which correspond t o  t r a n s i t i o n s  from t h e  normal s ta te .  
Under t h e  same condi t ions,  n e u t r a l  helium H e 1  emits r ad ia t ions  of very 

s h o r t  wavelengths which form a series whose f i r s t  l i n e  i s  h 584 8; 
ionized helium H e 1 1  a l s o  presents  l i n e s  of  a fundamental series whose 

wavelengths are less than  303.7 8. A r a d i a t i o n  a t  h 1,640.52 i s  emitted 
immediately a f t e r  t h e  observable r ad ia t ions  of H e I I .  

I n  add i t ion  t o  t h i s  emission of  monochromatic r ad ia t ions ,  t h e  pre
sence of t h e  Balmer  s e r i e s  continuum i s  a l s o  observed. Such a continuous 
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spectrum, which i s  due t o  t h e  r a d i a t i v e  recombination of e l ec t rons  and 
p o s i t i v e  hydrogen ions  i n  t h e  second quantum s ta te ,  i s  analogous t o  an 
i n v i s i b l e  continuum a t  t h e  l i m i t  of t h e  Lyman series. 

No d a t a  are ava i l ab le  a t  present  on t h i s  chromospheric emission i n  
t h e  f a r  u l t r a v i o l e t .  However, a determinat ion of the quanta usable  a t  
t h e  t o p  of t h e  atmosphere should allow a comparison wi th  t h e  continuous 
emission of black bodies a t  var ious temperatures.  To t h i s  end, w e  s h a l l  
i nves t iga t e  t h e  energy emitted by t h e  s o l a r  atmosphere by means of 
measurements of t h e  i n t e n s i t i e s  of observed chromospheric r ad ia t ions .  
The resu l t s  obtained by Menzel and C i l l i e '  ( R e f .  48) c o n s t i t u t e  a body 
of d a t a  which w i l l  serve as t h e  b a s i s  f o r  our  determination. 

I n  measuring t h e  chromospheric r a d i a t i o n  i n t e n s i t i e s  obtained 
during s o l a r  ec l ip ses ,  w e  consider  t h e  energy r ad ia t ed  by a s l i c e  of 
t h e  chromosphere. This  s l i c e  (see Figure 12) corresponds t o  a volume 
bounded by a plane A tangent  t o  t h e  edge of t h e  moon and by two p a r a l l e l  
planes B and C which are perpendicular  t o  plane A. These var ious  planes 
are loca ted  i n  t h e  d i r e c t i o n  of t h e  observer.  Plane A i s  loca ted  a t  a 
height  x above t h e  f ace  of t h e  chromosphere and planes B and C are 
placed a t  a d i s t ance  of 1 cm, i n  o rde r  t o  de f ine  a chromospheric s l i c e  
(1cm th ick )  located a t  a he ight  x above t h e  base of t h e  chromosphere. 

The chromospheric s l i c e  thus  def ined may be divided i n t o  columns 

1 cm2 i n  c ros s  sec t ion .  Such a t r ansve r se  column is ,  the re fo re ,  a pa ra l 

le lep iped  whose sec t ion  i s  equal  t o  1 cm 2, and which t r a v e r s e s  t h e  chro
mosphere from one end t o  t h e  o t h e r  a t  a f ixed  he ight  above t h e  base of 
t h e  chromosphere. However, what we are i n t e r e s t e d  i n  i s  not  t h e  r ad ia 
t i o n  emerging from a t r ansve r se  column but  t h e  r a d i a t i o n  emerging from a 

r a d i a l  column wi th  a c ross  sec t ion  of  1 cm'. 

To determine t h e  r e l a t i o n  which g ives  t h e  r a t i o  of t h e  emerging 
r ad ia t ions  of  t h e  t r ansve r se  and r a d i a l  columns, it w i l l  s u f f i c e  t o  con
s i d e r  t h e  energy emitted wi th in  t h e s e  columns. If Et and E r are t h e  

r a d i a t i v e  energ ies  emitted wi th in  t h e  t r ansve r se  and r a d i a l  columns, and 
Nt and Nr are t h e  r e spec t ive  numbers of  emi t t ing  atoms wi th in  these  

columns, w e  can w r i t e  

(11.4) 
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Figure 12 


In order to determine the values of Nt and Nr, let N be the atomic 


concentration at altitude z above the base of the chromosphere. In the 

case of an exponential distribution of the constituents, we have 


N = N
0 
e-8z (11.5) 

where 8 is the logarithmic parameter of the distribution and N0 is the 
number of atoms at level z = 0. 

From (II.?), it follows that the number of atoms in a radial column 

whose base is located at a height x

1 
is 


(11.6) 




On t h e  o t h e r  hand, t h e  t o t a l  number of atoms of a t r ansve r se  column 
located a t  a l t i t u d e  x above t h e  base of t h e  chromosphere i s  equal t o  
( see  Figure 13) 

4-m 
N,= J N (2)dy 

-W 

where y i s  given by t h e  r e l a t i o n  (R being t h e  s o l a r  r ad ius ) :  

y 
2 

= (R + Z )  
2 - (R + X )  

2 (11.8) 

Since z and x a r e  n e g l i g i b l e  compared t o  R, w e  can w r i t e  t o  an ex
c e l l e n t  approximation 

Y2z = x +  
2R (11.91 


Based on (II.g), expression (11.7)i s  w r i t t e n  a s  

F ina l ly ,  t ak ing  i n t o  account (11.6 and 10) where x = xl, r e l a t i o n  
(11.4) i s  w r i t t e n  as 

E = (23t0R)1/2 (11.11) 
Er 

This r e l a t i o n  thus  g ives  t h e  r a t i o  of t he  energ ies  emi�ted wi th in  
t h e  t r ansve r se  and r a d i a l  columns. This r a t i o  corresponds t o  t h e  r a t i o  
of t h e  i n t e n s i t i e s  of a r a d i a t i o n  emerging from t h e  t r ansve r se  and r a d i a l  
columns when t h e  reabsorp t ion  i s  neg l ig ib l e .  

A. 	 Chromospheric Ehiss ion i n  t h e  Continuum a t  t h e  L i m i t  of t h e  
Lyman S e r i e s  of Hydrogen 

On t h e  b a s i s  of t h e  values of t h e  i n t e n s i t i e s  observed i n  t h e  
various regions of t h e  continuum of t h e  Ba lmer  series (A < 3,640 8), w e  
s h a l l  deduce t h e  d i s t r i b u t i o n  of t h e  energy emitted wi th in  t h e  chromo
sphere for t h e  u l t r a v i o l e t  s p e c t r a l  region corresponding t o  t h e  continuum 
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Radia l  P ro jec t ion  of t h e  
emission chromospheric s l i c e  

\ colurrn 

;. .. . 

Figure 1-3 

The plane of t h i s  f i g u r e  i s  // t o  t h e  planes B and C 
shown i n  Figure 1 2  

of t h e  Lyman series ( A  < 910 8 ) .  Next, we s h a l l  determine t h e  reabsorp
t i o n  wi th in  t h e  chromosphere i n  order  t o  ca l cu la t e  t h e  energy escaping 
t h e  s o l a r  atmosphere. 

Menzel and C i l l i b  ( R e f .  48) have furnished t h e  values  of t he  chro
mospheric emission a t  var ious wavelengths of t h e  Ba lmer  s e r i e s  continuum. 
They thus  obtained t h e  energy rad ia ted  pe r  s l i c e  of t h e  chromosphere i n  
a c e r t a i n  frequency i n t e r v a l  f o r  t h e  s o l i d  angle  4 ~ .Thanks t o  t h e  re
su l t s  obtained during t h e  s o l a r  e c l i p s e  of 1932, one f i n d s  t h a t  t h e  
energy rad ia ted  a t  t h e  head of t h e  B a l m e r  series continuum i n  a complete 

dv 11
s o l i d  angle  f o r  an i n t e r v a l  c = 1 cm-l i s  equal  t o  3.24-10 e r g  p e r  

second. This  energy corresponds t o  t h e  r a d i a t i o n  emerging from a chro

mospheric s l i c e  of 1 em2 cross  sec t ion ,  when t h e  edge of t h e  moon i s  
1,300 km beyond the  edge of t h e  sun. Menzel and C i l l i 6  hold t h a t  t h i s  
region r ep resen t s  t h e  g loba l  chromospheric emission ( i n  1932, during t h e  
s o l a r  a c t i v i t y  minimum). 

Hence, i f  w e  neglec t  t h e  reabsorp t ion  e f f e c t ,  t h e  energy emerging 

from a r a d i a l  column (E
CBa )v=v 

f o r  an i n t e r v a l  dv = 1 cm-l w i l l  t he re 
0 C 

f o r e  be equal  t o  
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where 8 = 1.54.10-8 
cm 
-1 . The indices  C and Ba i nd ica t e  t h a t  w e  a r e  

dea l ing  with a continuum of t h e  Balmer  series. 

These 4.99.10' e rgs  resu l t ,  t he re fo re ,  from t h e  emission of a con

dvtinuum -= 1 cm-l which corresponds t o  the  r a d i a t i v e  recombination of 
C 

p o s i t i v e  hydrogen ions  and e l ec t rons .  It i s  r e a d i l y  shown (see formula 
( I V . 4 1 ) )  t h a t  f o r  a given e l e c t r o n i c  temperature Tg, t h e  energy d i s t r i 

but ion Ecdv wi th in  a continuum i s  given by 

where C 1 i s  a constant ,  "NE i s  t h e  product of  t h e  numbers of p o s i t i v e  

ions and e lec t rons ,  h and k are Planck 's  and Boltzmann's constants ,  v0 

i s  t h e  ion iza t ion  frequency, gn and g
C 

a re ,  respec t ive ly ,  t h e  s t a t i s t i c a l  

weights of t h e  quantum s ta te  n and of t h e  ionized s ta te ,  W ( V )  i s  t h e  
absorpt ion c o e f f i c i e n t ,  TSE 

= 12,000°K according t o  the observat ions of  

Menzel and C i l l i k  ( R e f .  48), and where v > v0' 
I n  t h e  case of hydrogen, t h e  absorpt ion c o e f f i c i e n t  K ( V )  i s  given 

bY 

v--3 
.(V) = c1- - r =  %(v") \ 'o  v - 3  (11.14)3


1 1 ~  

where C 2 i s  a cons tan t  and n i s  t h e  p r i n c i p a l  quantum number. 

Using (11.14), equat ion (11.13) may be applied to hydrogen and, 

s ince  gn = n2 , gc = 1, may be w r i t t e n  as 

where C i s  a new cons tan t .
3 

For t h e  Lyman series, n = 1, and f o r  t h e  Balmer  series, n = 2; 
hence, (11.13) makes it poss ib l e  t o  w r i t e ,  v - v

0 being i d e n t i c a l  f o r  



- -  
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t h e  two continua, t h a t  t h e  r a t i o  E 
CLy/E CBa 

of t h e  energy d i s t r i b u t i o n s  
i s  equal  t o  

E 
CLY - 8 (11.16) 

From (11.12 and 16), we f ind  t h a t  t h e  t o t a l  emission wi th in  a 
r a d i a l  chromospheric column a t  t h e  head of t h e  continuum of t h e  Lyman 

dvs e r i e s  and f o r  an i n t e r v a l  -= 1 cm-l i s  given by
C 

(E 1 = 4.99-103-8= 3.99.1-0 4 e rg  sec-1cm-2 (11.17)
CLy v=vo 

Fina l ly ,  by v i r t u e  of (11.15 and l7),  t h e  energy d i s t r i b u t i o n  i n  
t h e  continuum w i l l  be given by 

and t h e  number of quanta Q(v) by 

The numerical f a c t o r  !3.25*1010involved i n  t h i s  l a s t  expression is ,  
i n  the  f i n a l  ana lys i s ,  provided by observation. It i s  a funct ion of t h e  
product @NE, which depends on t h e  ion iza t ion  condi t ions i n  the  chromo
sphere. 

I n  a f ixed s p e c t r a l  range, v
1 

to - ,  t h e  number of quanta of t h e  

Lyman continuum emitted within a r a d i a l  column of  t h e  chromosphere i s  
obtained by i n t e g r a t i n g  expression ( I I . l g ) ,  

hvBy s e t t i n g  -= x and 

TSE 
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(11.21) 

(11.20) may be w r i t t e n  as 

Consequently, t h e  number of quanta corresponding t o  X <  910 8 
emitted wi th in  a r a d i a l  column of t h e  chromosphere i s  determined by a 
r e l a t i o n  such as (11.22) when t h e  e l e c t r o n i c  temperature i s  known. 

The d i s t r ibu t ion .pa rame te r  0 of hydrogen, which i s  equal t o  

1.54.10 -a cm -1 , corresponds t o  t h e  d i s t r i b u t i o n  parameter of t h e  quantum 
emission of t h e  Lyman s e r i e s  continuum. Indeed, t he  value of t h e  recom
bina t ion  (giving t h e  quanta of t h e  Lyman s e r i e s  continuum) i s  propor
t i o n a l  t o  t h e  product of t h e  number of pos i t i ve  ions  and e l ec t rons .  
Since t h e  ion iza t ion  s t a t e  i n  t h e  chromosphere depends on the  ion iza
t i o n  of t h e  main cons t i t uen t ,  hydrogen, t h e  v e r t i c a l  d i s t r i b u t i o n  of 
t h e  number of quanta emitted follows t h e  law 

where 0 = 1.54.10-a cm -1, qo(v) i s  t h e  number of quanta of frequency v 

emitted a t  t h e  base of t h e  chromosphere, and q ( v )  i s  t h e  number of quanta 
f o r  frequency v emitted a t  a l t i t u d e  z .  

By in t eg ra t ing  t h e  two terms of (11.23) between the  l i m i t s  z = 0 
and z = - ,we obta in  t h e  number of quanta of frequency v emitted wi th in  
a rad ia l  column 

(11.24) 

Although t h e  formulas (11.22, 23 and 24) provide complete d a t a  on 
t h e  number and d i s t r i b u t i o n  of t he  quanta emitted wi th in  t h e  chromo
sphere, it i s  never the less  t r u e  t h a t  these  quanta cannot a l l  escape t h e  
solar atmosphere. Owing t o  the  e f f e c t  of reabsorp t ion  of hydrogen, t h e  



quanta CLy (Lyman series continuum) undergo a degradat ion ( c f .  t h e  
Zans t ra  theory  of nebulae),  s ince  they  can be reemit ted i n  t h e  B a l m e r  
series, Paschen series, and f i n a l l y ,  by La, t h e  f i rs t  l i n e  of t h e  

Lyman series. Let  u s  ca l cu la t e  t h i s  e f f e c t  by using t h e  working hypo
t h e s i s  t h a t  t h e  degradat ion i s  complete. 

Le t  q1(v)  be t h e  number of quanta of frequency v emerging from t h e  
chromosphere when t h e  emission t akes  p lace  wi th in  a r a d i a l  chromospheric 
column loca ted  between a l t i t u d e  z and t h e  ou te r  edge of t h e  chromo
sphere. We can then w r i t e  

where T ( V )  i s  defined by 

x(v)  being t h e  absorpt ion c o e f f i c i e n t  and N(H) t h e  concentrat ion of 
n e u t r a l  hydrogen atoms. 

Taking i n t o  account t h e  v e r t i c a l  d i s t r i b u t i o n  of  hydrogen and t h a t  
of t h e  number of emitted quanta (11.23), (11.25)may be  w r i t t e n  i n  t h e  
form 

(11.28) 


Then, by i n t e g r a t i n g  (11.28)between t h e  l i m i t s  z = 0 and z = -, 
we ob ta in  t h e  t o t a l  number of quanta Q,(v) emerging from t h e  chromo
sphere, namely: 

A f t e r  performing t h e  in tegra t ions ,  we g e t  t h e  formula 

(I1..30) 



which gives  t h e  number of quanta of frequency v emerging from a r a d i a l  
column of t h e  chromosphere wi th  the  assumption t h a t  t h e  reabsorpt ion 
d e f i n i t e l y  degrades t h e  quanta emitted i n  the  Lyman s e r i e s  continuum 

i n t o  quanta of t h e  f i r s t  l i n e  of t h e  s e r i e s ,  La ( h  = 1,215.7 8).  
I n  order  t o  apply ( I I . 3 O ) ,  it i s  necessary t o  know t h e  value of t h e  

absorpt ion c o e f f i c i e n t  of hydrogen; knowing the  constant  C2, we deduce 
from (11.24) t h a t  i n  t h e  Lyman continuum, 

X ( V )  = 6.66.10-18 v3v-3 (11 .30  

I n  addi t ion ,  it i s  necessary t o  know the  hydrogen concentrat ion.  
W e  ob ta in  i t s ' v a l u e  as fol lows:  Menzel and C i l l i e  (Ref. 48) have de
termined t h e  number of atoms of ionized calcium N

0 
( C a + )  a t  t h e  base of 

t h e  chromosphere t o  be 2.108 per cm3; from t h e  r e s u l t s  of Stramgren 
(Ref. 49) we deduce t h a t  t h e  r a t i o  of t h e  abundances of hydrogen atoms 

t o  calcium atoms i s  equal  t o  6.15'105 . Hence, by assuming t h a t  t h e  c a l 
cium i s  p r a c t i c a l l y  ionized once, t h e  number NO(H) of hydrogen atoms 

14 
p e r  cm3 a t  the  base of t h e  chromosphere i s  equal  t o  1.23'10 . 

By s u b s t i t u t i n g  t h e  numerical values i n  r e l a t i o n  ( 1 1 . 3 O ) ,  we see  
t h a t  

and hence t h a t  

- . --.__ 

[ I  	 - e  
z(  v) N" (TI)

] E l  (11.33)0 

Using (11.33), w e  can wr i t e  (11.30), t o  an exce l l en t  approximation, 
i n  the  following manner 

whence, tak ing  (11.31) and (11.24 and 19) i n t o  account, 



The t o t a l  number of quanta of f requencies  comprised between v1 and 

-escaping from t h e  chromosphere i s  obtained by i n t e g r a t i n g  (11.35) 

whence 

When t h e  cons tan ts  a r e  replaced by t h e i r  numerical values, (11.37) 
may be w r i t t e n  a s  

The number of quanta (with f requencies  comprised between v1 and -) 

which reaches t h e  top  of t h e  atmosphere p e r  second per  cm2 i s  then  given 
by 

v, 

where Bs = .5.4.10-6i s  t h e  d i l u t i o n  f a c t o r .  

I n  order  t o  determine t h e  numerical values from t h e  l a t t e r  expres
s ion  t h e  value of  t h e  e l e c t r o n i c  temperature which m u s t  be  adopted i s  
12,000°K. Indeed, t h e  i n i t i a l  r e l a t i o n  (11.13) on which (11.39) u l t i 
mately depends results from t h e  observed d i s t r i b u t i o n  of t h e  r a d i a t i o n  
energy i n  t h e  Ba lmer  s e r i e s  continuum. On t h e  b a s i s  of t h e  spec t r a  ob
ta ined  during t h e  s o l a r  e c l i p s e  of 1932, Menzel and C i l l i 6  ( R e f .  48)
f ind  a mean value of t h e  e l e c t r o n i c  temperature TSE e q u a l  t o  12,000’K. 
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I n  adopting t h i s  value,  we s h a l l  note  never the less  t h a t  t he re  a r e  v a r i a 
t i o n s  from one e c l i p s e  t o  another,  and t h a t  t h e  continuous spectrum of 
t h e  Ba lmer  s e r i e s  i s  sub jec t  t o  f l u c t u a t i o n s  even wi th in  t h e  chromosphere. 

The numerical r e s u l t s  obtained by ca l cu la t ion  wi th  t h e  use of  ex
pression (11.39) are indica ted  i n  graphica l  form i n  Figure 11. We see 

t h a t  t h e  r a d i a t i o n  emerging from t h e  chromosphere (X < 910 8)does not 
follow the  l a w  of a black body. For lower wave numbers, t h e  t o t a l  num
be r  of quanta reaching the  top  of t h e  atmosphere i s  of t h e  o rde r  of t h e  
number of quanta which can be produced by a black body a t  a temperature 

i n  excess of 5,74OoK. However, for a wave number i n  excess of 1.6.105 

cm-l (or X - 625 E), t h e  chromospheric emission surpasses  t h a t  of a 
black body a t  7,000°K. Hence, t h e  r a d i a t i o n  emitted by t h e  sun i n  t h e  

s p e c t r a l  range of X < 910 2 does not  correspond t o  t h e  r a d i a t i o n  of a 
black body. 

A comparison between t h e  emission of a black body a t  12,000°K and 
t h e  e f f e c t i v e  chromospheric emission determined by equation (11.39) makes 
it poss ib le  t o  deduce a law pe r t a in ing  t o  t h e  p rope r t i e s  of black bodies.  
I n  Figure 11, it w i l l  be noted t h a t  t h e  curve corresponding t o  a black 
body a t  12,000°K i s  p a r a l l e l  t o  t h e  curve which we  have deduceti by ap
plying (11.39); t h e  d i f f e rence  expressed i n  log  i s  equal t o  5.71. I n  
o the r  words, w e  f i n d  t h a t  f o r  a f ixed  temperature TSE, t h e  minimum num

ber  of quanta with X < 910 8 which reaches t h e  t o p  of t h e  atmosphere i s  
a constant  f r a c t i o n  of t h e  number of quanta which would be emitted by 
t h e  sun, a black body a t  a temperature TSE. 

B. Emission of Lines of t h e  Lyman S e r i e s  of Hydrogen 

During the  reabsorp t ion  of t h e  quanta emitted i n  t h e  Lyman s e r i e s  
continuum a s  a r e s u l t  of processes of recombination of e l ec t rons  and 
p o s i t i v e  hydrogen ions,  p a r t  of t hese  quanta undergo a degradation. By
v i r t u e  of the  c o n s t i t u t i o n  of t h e  quantum s t a t e s  of hydrogen, emission 
takes  place i n  t h e  Balmer, Paschen, and Lyman s e r i e s .  However, a t  t h e  
very center  of t h e  Lyman series t h e  quanta LB, L,,, ... may be reabsorbed 

and reemitted i n  t h e  form of t h e  quanta Ha, HB and Pa, ... and f i n a l l y  

La. I n  o ther  words, a f t e r  a c e r t a i n  number of processes of reabsorp

t i o n s  and emissions, t h e  major p a r t  of t h e  energy reabsorbed i n  t h e  
photoionizat ion phenomenon i s  transformed i n t o  ha quanta ( X  = 1,215.7 A). 



54 

From t h e  above, w e  deduce t h a t  the.chromospheric emission cf t h e  
r ad ia t ions  LB, L , ... of t h e  Lyman series produces l i n e s  whose i n t e n s i t y  

cannot exceed t h e  i n t e n s i t y  of t h e  neighboring continuous spectrum. On 
t h e  contrary,  i n  t h e  case of La, i t s  i n t e n s i t y  i s  a func t ion  of t h e  

e n t i r e  energy reabsorbed i n  t h e  process  of degrada t ion  of t h e  quanta 

h < 910 8. Hence, i n  o rde r  t o  ob ta in  an estimate of t h e  energy emitted 
wi th in  t h e  chromosphere by t h e  chromospheric r a d i a t i o n  La’ it i s  suffi

c i e n t  t o  consider  t h e  reabsorbed energy of t h e  Lyman series continuum. 

If we r ep lace  t h e  symbols of expression (11.22) by t h e i r  va lues  

Ts, 12,000°K, vl/c = 109,670 em-’, w e  o b t a i n  t h e  number of quanta ( A <  

910 8) emitted wi th in  a r a d i a l  chromospheric column 

Since t h e  number of quanta ( h  < 910 8) emerging from t h e  chromo

sphere i s  given by (T1.38), w e  ob ta in  (TsE = 12,000°K, vl/c = 109,670 

r Q l ( v ) ( T v  = 3.33 x 1.014 quantascc-* cn-2. (11.42) 
VI 

By comparing t h e s e  two results, we can conclude t h a t  t h e  number of 

L quanta e m i t t e d  w i th in  a r a d i a l  chromospheric column i s  equal  t o  a 
1.5g*1019. On the  o t h e r  hand, s ince  t h e  observa t ions  of v i s i b l e  chromo
spher ic  r a d i a t i o n s  (H and K of Ca+, for example) i n d i c a t e  t h e  ex i s t ence  
of a reabsorp t ion  whose t h e o r e t i c a l  explanat ion i s  n o t  s u f f i c i e n t ,  w e  
have t o  assume t h a t  t h e  emission of L

a’ 
as j u s t  determined, r ep resen t s  a 

m a x i m u m .  

Consequently, t h e  m a x i m u m  number of La quanta which can reach t h e  
top  of t h e  atmosphere i s  equal  t o  
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This numerical r e s u l t  a l s o  shows t h a t  t h e  number of La quanta ex

ceeds t h e  number of quanta which could be produced by a black body a t  
0 

6 , 0 0 0 ~ ~ 
i n  t h e  s p e c t r a l  range of h < 1,350 A. 

C.  Chromospheric Emission of Helium 

Among t h e  r a d i a t i o n s  emitted i n  t h e  far  u l t r a v i o l e t  (Ah 584 4(, 
537 8, ...) by n e u t r a l  helium, t h e  second l i n e  of t h e  fundamental s e r i e s  

h 537 8 l ends  i t se l f  t o  a determinat ion of  t h e  number of quanta emitted 

by t h e  chromosphere a t  t h i s  wavelength. The higher s t a t e  3 'Po of t h e  

t r a n s i t i o n  Is 'S - 3p 'Po ( h  = 537 8) i s  a l s o  the higher s t a t e  of t h e  
0

t r a n s i t i o n  corresponding t o  t h e  l i n e  X 5,016 A which i s  observed i n  t h e  
chromospheric spectrum. Thanks t o  t h e  observations made by Menzel and 
C i l l i i !  (Ref. 48), w e  f ind  t h a t  t h e  numbergof quanta emitted i n  a t r a n s 

5 -1 -2 verse c o l ~ m ntangent t o  t h e  s o l a r  edge produces 1.62'10 e r g  sec cm . 
If we t ake  r e l a t i o n  (11.11)i n t o  account, and assume t h e  absence of 

-8 -1 
any reabsorption, w i th  8 = 0.78.10 cm ,we find t h a t  t h e  r a d i a l  emis

s ion of X 5,016 8 i s  given by 

E, = Et(2x0R) 1/2 = 2.75'10 3 e rg  sec -1 cm -2. 
Since a quantum a t  h 5,016 2 i s  equiva len t  t o  3.95'10 -12 erg,  t h e  

number of quanta Q(v,) emitted i n  a r a d i a l  column by r a d i a t i o n  of 

k 5,016 2 i s  the re fo re  

2.75.10 3 
quanta sec -1 cm -2 (11.431Q(v,) = = 7 - 1 0 ~ ~  

3.95 

The r a t i o  of t h e  p r o b a b i l i t i e s  of emission of r a d i a t i o n s  wi th  A, 537 

8 and A, 5,016 8 of He i s  equal t o  40.5. Hence, we deduce t h e  emission of 



'I 


Q(v2) wi th in  t h e  chromosphere through X 337 2 

Q(v2) = 2.8'1016 quanta see-' em 
-2 (11.44) 

In orde r  t o  determine t h e  number of quanta escaping from t h e  s o l a r  
atmosphere, we must  f i r s t  t a k e  i n t o  account t h e  reabsorp t ion  produced by 
chrombspheric hydrogen. Le t  

be  t h e  l a w  of v e r t i c a l  d i s t r i b u t i o n  of  t h e  quanta emitted wi th in  t h e  
chromosphere by t h e  r a d i a t i o n s  of n e u t r a l  helium. On t h e  o the r  hand, 
f o r  hydrogen, we have a d i s t r i b u t i o n  

N(H) = N~(H) e-022 (11.46) 

We have a l ready  seen t h a t  t h e  parameter 0 e2 for hydrogen i s  

-8 
= 1.54-10 em 

-1 

whereas f o r  helium, Menzel and C i l l i k  ( R e f .  48) f ind  

01 = 0.78.10-8 em 
-1 

(11.48) 

By comparing (11.47)and (11.48), w e  find t h a t  w e  can w r i t e ,  t o  an 
exce l l en t  approximation, 

02 = 

If we consider  t h e  l a w  (II.23), which app l i e s  without  r e s t r i c t i o n  
t o  t h e  case under considerat ion,  w e  have, on the  basis of (11.49) 

., 

nLO 
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In order to obtain the effect of the entire chromosphere, we con

sider the integral 


By setting 


expression (11.51) can be written 


.. . ... 

where 1.26 x 1.0--'s x 3.23 x 10" 
= 10S.G (11.53)2 x 0.7s x- io-s 

Since 


-(II.52)can be written, on the basis of (11.44), 


. .  
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Replacing t h e  symbols by t h e i r  values,  w e  f i n a l l y  ob ta in  

If t h e  reabsorpt ion a t  t h e  very center  of t h e  l i n e  w e r e  neg l ig ib l e ,  

t h e  number of quanta ( A  537 8), which should reach t h e  t o p  of t he  atmos
phere, would be given by 

pSQl(v) = 5.4*10-6-2.26*1014 = 1.22-109 quanta s e c - l  

(11.56) 

Actually,  we should be ab le  t o  t ake  i n t o  account t h e  reabsorpt ion 
by helium. Since it i s  not  poss ib le  t o  determine t h i s  reabsorpt ion 
t h e o r e t i c a l l y ,  t h e  exact  value of t h e  e f f e c t i v e  number of quanta emerging 
from t h e  chromosphere i n  t h e  l i n e s  of t h e  fundamental s e r i e s  of n e u t r a l  
helium cannot be ca lcu la ted  exac t ly .  If we use t h e  r a d i c a l  hypothesis 

0 0 
t h a t  the  quanta reabsorbed i n  t h e  l i n e s  ( A  537 A, X 522 A, e t c . )  a r e  
f i n a l l y  degraded, t h e  emission w i l l  be p a r t l y  concentrated i n  t h e  f i r s t  

0
l i n e  of t h e  s e r i e s  A 584 A. By v i r t u e  of (11.56) and tak ing  i n t o  account 
t h e  reabsorp t ion  i t s e l f ,  w e  s h a l l  assume t h a t  t h e  number of quanta 

0
( A  584 A) reaching the  t o p  of t h e  atmosphere i s  l e s s  than  109 quanta per  

second per  cm2 . 

D.  Chromospheric Eruptions 

Among t h e  s o l a r  e rupt ions  revealed by any method of observation, 
only t h e  chromospheric e rupt ions  a r e  character ized by not iceable  r ad ia 
t i v e  p rope r t i e s .  Thus, t h e  e rupt ive  emission proper, which i s  always 
monochromatic, may, i n  Ha l i g h t ,  equal o r  even exceed t h e  i n t e n s i t y  of 

t h e  neighboring continuous spectrum. I n  Table 2, we have co l lec ted  t h e  
p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  e rupt ion  ( R e f .  50) which a r e  necessary 
f o r  a determination of t h e  energy usable for t h e  ion iza t ion  of t he  
atmosphere. The surface a rea  i s  represented a s  a func t ion  of t he  s u r 
f a c e  of t h e  s o l a r  disk, whereas the  br ightness  corresponds t o  an a r b i 
t r a r y  s c a l e  of 1 t o  5 .  The i n t e n s i t y  of an erupt ion  i s  expressed as a 

funct ion of t h e  i n t e n s i t y  of Ha,= 1.35.10 7 e rg  per  second per  cm2 . 



Table 2. Solar Eruptions 


Surface area 1.10-5 2.3-


Observed 
brightness 

1.7 2.3 to 
2.6 

3.9 

Mean 
brightness 

1 3 4 

Intensity as 
a function 

1.8 3.8 7.9 
of H 

a e 
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From t h i s  value of t h e  i n t e n s i t y  of Ha and from t h e  d a t a  given by 
0

Table 2, it i s  easy t o  determine t h e  number of La quanta (h-1,215.7 A) 

emitted by an e rupt ion ,  where t h e  reabsorp t ion  and reemission a r e  not 
considered, and whose br ightness  and sur face  a r e  f ixed .  Keeping i n  
mind t h e  d i s t a n c e  from t h e  e a r t h  t o  t h e  sun, we f i n a l l y  deduce t h e  num
be r  of quanta usable a t  t h e  top  of t h e  atmosphere. 

Since an Ha quantum i s  equal t o  3-10-12erg,  t h e  number of H
01 

18
quanta emitted by a sur face  of 1 cm2 i s  equal  t o  4.5-10 . The r a t i o  
of t he 'quan ta  emitted by L and H i s  of t h e  order  of 4, i f  we consider a a 
t h e  capture of hydrogen a t  the  d i f f e r e n t  levels  and t h e  r e s u l t i n g  
spontaneous emission. Thus, t h e  number of L 

c)! 
quanta emitted per second 

-. 

per cm2 of solar sur face  i s  equal t o  4.5.1018*4 = 1.8.1019quanta. 

For an e rupt ion ,  t h e  e rupt ive  number of quanta $za! reaching t h e  top  

of t h e  atmosphere w i l l  be given by t h e  formula 

where I i s  t h e  i n t e n s i t y  of t h e  e rupt ion  as a func t ion  of t h e  i n t e n s i t y  
of Ea, S i s  t h e  f r a c t i o n  of t he  su r face  of t h e  solar d i sk  occupied by 

t h e  e rupt ions ,  and r2 /R2 = 2.16*10-~i s  t h e  reduct ion  f a c t o r  which t akes  
i n t o  account t h e  d i s t a n c e  from t h e  e a r t h  t o  t h e  sun. 

By in t roducing  t h e  numerical values of Table 2 i n t o  the  formula 
(11.57), we ob ta in  t h e  following r e s u l t s :  

L quanta per  second per  cm 
Mean b r igh tness  of e rupt ion  a t  t h e  top  of t h e  

atmosphere 

1 


3 

4 
5 

2 
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A comparison of t hese  values,  which g ives  t h e  number of La quanta 

reaching t h e  top  of t h e  atmosphere during e rupt ions ,  w i th  t h e  number of 
quanta emitted by a black body a t  var ious temperatures,  r evea l s  t h e  i m 
portance of  t h e  r a d i a t i o n  of erupt ions.  Thus an e rupt ion  wi th  a mean 
br ightness  equal t o  3 e m i t s  a number of La quanta exceeding t h e  number of  

quanta (A. < 1,350 8) produced by a black body a t  5,74OoK. Simi lar ly ,  an 
e rupt ion  wi th  a mean br ightness  equal  t o  4 e m i t s  a number of La quanta 

which i s  g r e a t e r  than  t h e  number o f  quanta (A. < 1,350 8)produced by a 
black body a t  6 ,0000~ .  A s  fa r  as t h e  comparison between t h e  number of 
quanta emitted by chromospheric La and e rup t ive  La i s  concerned, no con-

e lus ion  i s  poss ib le  because t h e  e f f e c t  of t h e  reabsorp t ion  of chromo
spher ic  L i s  not  known. F ina l ly ,  l e t  u s  no te  t h a t  t h e  pos i t i on  of t h e  a 

erupt ion  wi th in  t h e  chromosphere could a f f e c t  t h e  number of usable  quanta, 
s ince  t h e  e f f e c t  of reabsorp t ion  and of e l e c t r o n  recombination i s  d i f 
f e r e n t  depending upon t h e  o p t i c a l  th ickness .  

Sect ion 4. Varia t ions  of t h e  U l t r a v i o l e t  So la r  Emission 

That t h e  values  which w e  have deduced f o r  t h e  u l t r a v i o l e t  emission 
of t h e  sun are average values i s  amply ind ica ted  by t h e  d a t a  used i n  t h e  
ca lcu la t ions .  However, although t h e  observat ions do not  r evea l  any v a r i 
a t i o n  i n  t h e  emission of v i s i b l e  r ad ia t ion ,  they  do show t h a t  t h e  photo
sphere i s  not  uniform. Indeed, c e r t a i n  regions appear as zones of  par 
t i c u l a r  e x c i t a t i o n  where t h e  emission l i n e s  increase  i n  i n t e n s i t y  dur ing  
observat ions i n  t o t a l  l i g h t  o r  during spectrohel iographic  observat ions 
of t h e  f acu la r  plages.  The f a c t  t h a t  t h e  f acu lae  are q u i t e  v i s i b l e  nea r  
t he  edge of t h e  d i s k  where t h e  observer i s  loca ted ,  opposi te  t h e  atmos
pheric  l a y e r  w i th  i t s  l a r g e s t  thickness ,  i nd ica t e s  t h a t  t hese  f acu lae  are 
more elevated than t h e  genera l  l e v e l  of t he  photosphere. They correspond 
t o  f acu la r  plages, which manifest  t h e  v a r i a t i o n s  of t h e  chromospheric 
emission i n  spectrohel iographic  p i c tu re s .  Besides, one can r e a d i l y  see 

t h a t  t h e  r a d i a t i o n  A. < 910 8 o r i g i n a t e s  from t h e  upper l e v e l s  of  t h e  
chromosphere. Le t  u s  refer t o  formulas (11.22 and 38), which g ive  re
spec t ive ly  t h e  number of quanta emitted wi th in  t h e  chromosphere and t h e  
number of quanta emerging from t h e  chromosphere. By wr i t i ng  
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where 8 = 1.34.10-8 cm-l and where z denotes  t h e  e f f e c t i v e  he ight  of t h e  
chromospheric emission, w e  deduce t h e  fol lowing value of z (11.41 and 
42) : 

Hence, t h e  e f f e c t i v e  he ight  of t h e  chromospheric emission cor re
sponds t o  chromospheric l e v e l s  charac te r ized  by t h e  g r e a t e s t  abundance 
of f a c u l a r  plages;  hence, t h e  genera l  chromospheric emission w i l l  be 
subjec t  t o  v a r i a t i o n s  of t h e  number of f a c u l a r  plages.  Observation has 
shown t h a t  t h e  l a t t e r  do represent  t h e  11-year s o l a r  a c t i v i t y .  Conse
quently,  t h e  11-year s o l a r  a c t i v i t y  m u s t  of necess i ty  be expressed i n  
t h e  poss ib le  i o n i z a t i o n  of t h e  atmosphere by a v a r i a t i o n  r e l a t ed  t o  t h e  
abundance and i n t e n s i t y  of t h e  f a c u l a r  plages.  

I n  o rde r  t o  determine q u a n t i t a t i v e l y  t h e  d i f f e rence  i n  t h e  energy 
supplied f o r  t h e  t e r res t r ia l  ion iza t ion  between t h e  minimum and t h e  
m a x i m u m  of s o l a r  a c t i v i t y ,  one would have t o  have t h e  absolu te  values  of 
t h e  t o t a l  chromospheric emission i n  t h e  course of  an 11-year period. 
However, no determinat ion of t h i s  type has as y e t  been performed, and 
we m u s t ,  therefore ,  content  ourselves  wi th  c o r r e l a t i o n s  between t h e  
values of t h e  b r igh tness  of f a c u l a r  plages based on an a r b i t r a r y  s c a l e  
and t h e  values of t h e  e l e c t r o n  concentrat ion i n  var ious  regions of t h e  
ionosphere. 

I n  t h e  present  s ta te  of s o l a r  observat ions,  a determinat ion of t h e  
e f f e c t  of t h e  11-year a c t i v i t y  can be attempted only by inves t iga t ing  
the  u l t r a v i o l e t  emission of t h e  faculae .  To t h i s  end, w e  s h a l l  t ake  t h e  
genera l ly  adopted temperature of 7,300°K as t h e  temperature of t h e  facu
l a r  area. I n  addi t ion ,  l e t  u s  consider t h e  data obtained from t h e  ob
servation' of t h e  v a r i a t i o n  of t h e  sur face  area of t h e  faculae  i n  t h e  
course of a s o l a r  a c t i v i t y  cycle .  From t h e  genera l  expression (11.3) 
we can c a l c u l a t e  t h e  number of quanta emitted under t h e  condi t ions which 
w e  have j u s t  ind ica ted .  The resul ts  are presented i n  graphica l  form i n  
Figure 14. W e  see r e a d i l y  t h a t  t h e  t o t a l  su r f ace  of t h e  faculae  i s  of 

t h e  order  of times t h e  surface of t h e  s o l a r  surface;  t he  f lux of 

b u r i n g  t h e  s o l a r  a c t i v i t y  maxima of  1889, 1894 and 1907, t h e  sur face  

occupied by t h e  faculae  w a s  of t h e  order  of 2.5*10-3, 3 . 5 ~ 1 0 - ~and 3.10-3 
times t h e  s o l a r  sur face .  For t hese  resu l t s ,  due t o  Maunder, see Nicolet ,  
R e f .  47, Figure 2. 
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I I I 
l.l:loJcm’ 1.2 1.3 1.4 

Figure 1 4  

I, Black body, TS = 5,74O0K; 

11, chromospheric r ad ia t ion ,  

Radiat ion of t h e  faculae ,  TF 

1, sur face ,  sF = 1-10-3 s,; 

I . I-
15 1.6 

TSE = 12,000°K. 

= 7,500’K; 

2, sF = 2.10-3 s,; 

3, SF == 2 . 5 ~ 1 0 - ~S,; 4, SF = 3.5.10-3 S, 

f a c u l a r  r a d i a t i o n  i s  always l e s s  t han  t h a t  of t h e  normal s o l a r  r a d i a t i o n  

( A  < 1,000 8) .  The increase  i n  t h e  t o t a l  sur face  area of t h e  f acu lae  
corresponding t o  t h e  increase  i n  s o l a r  a c t i v i t y  produces a r a d i a t i o n  
f l u x  g r e a t e r  than  t h a t  of normal r a d i a t i o n  i n  c e r t a i n  s p e c i f i c  s p e c t r a l  
regions.  I n  o rde r  t o  appra ise  i t s  e f f e c t i v e  r o l e  i n  t h e  ion iza t ion  of 
the earth’s atmosphere, w e  m u s t  know t h e  atoms and molecules suscep t ib l e  
of being ion ized .  This  w i l l  be t h e  sub jec t  of t h e  fol lowing chapters .  

Sec t ion  5 .  Conclusions 

Important conclusions r e su l t  from t h e  s tudy which w e  have j u s t  made 
on t h e  s p e c i a l  features of t h e  r a d i a t i o n  emitted by t h e  sun i n  t h e  unob
servable  u l t r a v i o l e t  region.  F i r s t ,  two s p e c t r a l  reg ions  should’ be 
d is t inguished  f o r  which t h e  r a d i a t i v e  p rope r t i e s  are t o t a l l y  d i f f e r e n t ,  

mainly t h e  reg ions  w i t h  wavelengths above o r  below 9lO 8. I n  t h e  
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s p e c t r a l  region of A, > 910 8, t h e  s p e c t r a l  d i s t r i b u t i o n  corresponds t o  
t h a t  of a black body a t  t h e  temperature of 5,74OoK. However, because of  
t h e  behavior of s o l a r  hydrogen, photospheric r a d i a t i o n  wi th  wavelengths 

of less than  9108 i s  n e g l i g i b l e  i n  t h e  presence of chromospheric 
r ad ia t ion .  

Chromospheric r a d i a t i o n  (A, < 910 8, capable o f  i on iz ing  atomic oxy
gen, molecular and atomic ni t rogen,  and helium) corresponds t o  t h e  known 
reabsorbed r a d i a t i o n  of t h e  continuum of t h e  Lyman series f o r  hydrogen. 
The s p e c t r a l  d i s t r i b u t i o n  may be l ikened t o  t h e  s p e c t r a l  d i s t r i b u t i o n  of 
a gray body. Actually,  t h e  minimum f l u x  of chromospheric r a d i a t i o n  

(A, (910 8) i s  equal  t o  t h e  r a d i a t i o n  f lux of a b lack  body a t  12,000°K 
(average value of  t h e  e l e c t r o n i c  temperature subjected t o  v a r i a t i o n s )  

-6mult ip l ied  by a cons tan t  f a c t o r ,  + =  1.96-10 . A numerical app l i ca t ion  
(see Figure 11) i n d i c a t e s  t h e  pecu l i a r  behavior of  t h i s  chromospheric 
r a d i a t i o n  wi th  r e spec t  t o  black bodies whose temperatures  l i e  between 
5 ,74OoK and 7, 500°K. 

The emission of  monochromatic r a d i a t i o n s  may be superimposed a 

p r i o r i  onto t h e  continuous photospheric emission ( A  > 910 8) and chromo
0

spher ic  emission ( A  < 910 A ) .  From our study it fol lows t h a t  t h e  r ad ia 

t i o n  ( A  584 8 )  of  helium may have an apprec iab le  i n t e n s i t y .  However, 

among the  monochromatic chromospheric r ad ia t ions ,  t h e  L
a! 

l i n e  ( A  = 

1,217.78) i s  d is t inguished  by an i n t e n s i t y  which i s  higher  than  t h a t  of 
t h e  neighboring continuous spectrum. 

I n  addi t ion ,  t h e  e f f e c t i v e  source of  t h e  11-year v a r i a t i o n  of s o l a r  
a c t i v i t y  has been found i n  t h e  v a r i a t i o n  of t h e  f acu lae  and f a c u l a r  
plages,  which p a r t i c i p a t e  i n  t h e  chromospheric emission. 

0
Fina l ly ,  t h e  monochromatic r a d i a t i o n  La (A ,  = 1,215.7 A )  emitted by 

chromospheric e rupt ions  and ca lcu la ted  as a func t ion  of t h e  br ightness  
and surface area of t h e  e rupt ions  may be g r e a t e r  than  t h e  r a d i a t i o n  

( A , <  1,350 8) of a black body a t  5,740°K. 



CHAPTER 111. CONSTITUTION AND COMPOSITION OF TEE ATMOSPRERE 

Sect ion 1. In t roduct ion  

A study of t h e  c o n s t i t u t i o n  of t h e  atmosphere r equ i r e s  t h e  knowledge 
of phys ica l  and chemical da t a .  Soundings by means of s tandard meteoro
l o g i c a l  techniques make it poss ib le  t o  determine t h e  p rope r t i e s  of t h e  
atmosphere up t o  an a l t i t u d e  of 30-35 km. A s  far  as higher  regions are 
concerned, one m u s t  have recourse t o  t h e  observat ion of phenomena such 
as t h e  absorpt ion of atmospheric ozone, t h e  propagation of sound waves, 
luminous noc turna l  clouds, t w i l i g h t  phenomena, t h e  l i g h t  of  auroras  and 
of t h e  n ight  sky, and t h e  propagation of r a d i o  waves. These var ious  
phenomena are t h e  only means of i nves t iga t ion  which enable u s  t o  d e t e r 
mine t h e  pressure,  temperature, and chemical cons t i t uen t s  as a func t ion  
of a l t i t u d e .  

By d e f i n i t i o n ,  t h e  atmospheric pressure  a t  any po in t  i s  t h e  weight 
of a v e r t i c a l  column of  a i r  of u n i t  c ross  sec t ion  whose base has i t s  
center  a t  a given poin t  and which extends up t o  t h e  t o p  of t h e  atmos
phere. L e t  P, e ,  and T be, respec t ive ly ,  t h e  pressure,  dens i ty  and 
absolute  temperature a t  a l t i t u d e  z, and l e t  P + dP be t h e  pressure  a t  
a l t i t u d e  z + dz .  By d e f i n i t i o n ,  dP i s  t h e  weight of a s l i c e  of a i r  of 
u n i t  c ross  sec t ion  and th ickness  d z .  Hence, g being t h e  acce le ra t ion  
due t o  g rav i ty  which w i l l  be considered constant ,  t he  equat ion of atmos
pher ic  s t a t i c s  w i l l  be 

dP = -gpdz (111.1) 

If t h e  d i f f e r e n t  atmospheric cons t i t uen t s  a t  a l t i t u d e  z have molecu
lar  masses m3 (mass of a molecule) and i f  t h e  number of molecules pe r  

em3 is  N3 (j i n d i c a t e s  t h i s  spec ies ) ,  we  have 

e =  N m1 1  + N2m2 -1- ...... =NM (111.2) 

w i th  N = N1 + N2+ .... (111.3) 
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Rela t ions  (111.2and 3) make it poss ib l e  t o  w r i t e  equat ion (111.1) 
i n  t h e  form 

(111.4) 


If i s  assumed t h a t  t h e  l a w  of i d e a l  gases  

may be appl ied t o  each of t h e  atmospheric gases ,  where T i s  t h e  absolu te  
tempera ture ,L%is  t h e  gas  constant  pe r  mole o r  un ive r sa l  molar constant  
of idea l  gases ,%‘  i s  t h e  molar volume, i .e . ,  t h e  volume occupied by one 
mole o r  5% molecules. 

Since N i s  t h e  t o t a l  number of molecules p e r  em3, w e  have t h e  r a t i o  

81:
cu= ? (111.6)AT 

and hence, t ak ing  (111.6)i n t o  account, t h e  gas  l a w  (111.3)may be 
w r i t t e n  as 

where k = -2 i s  Boltzmann’s constant ,  t h e  gas  cons tan t  r e l a t i v e  t o  one 
9 L  

molecule. 

Sec t ion  2.  V e r t i c a l  D i s t r i b u t i o n  of t h e  Cons t i tuents  of t h e  Atmosphere 

By tak ing  i n t o  account t h e  i d e a l  gas equat ion (111.7)i n  equation 
(111.4),i . e . ,  by r ep lac ing  dP i n  (111.4)by i t s  value obtained from 
(111.7),w e  g e t  t h e  genera l  equation 

(111.8) 




- -  

- - -  

By s e t t i n g  

which de f ines  t h e  he ight  of t h e  homogeneous atmosphere, w e  can w r i t e  
(111.8) 

d N- + - -dT - d z  (111.10)N T H 

Since t h e  atmosphere i s  e s s e n t i a l l y  made up of gases  of d i f f e r e n t  
species ,  t h e  l a t t e r  may be  mixed o r  be  i n  a d i f f u s i o n  equi l ibr ium. I n  
t h e  former case,  equat ion (111.10) app l i e s  d i r e c t l y .  I n  t h e  second 
case,  a concentrat ion of each cons t i t uen t  of t h e  gas i s  subjec t  t o  t h e  
l a w  of s t a t i c s  (111.4) and t o  t h e  l a w  of i d e a l  gases  (111.7). We then  
w r i t e  equat ion (111.10) i n  t h e  form 

(111.11)
TNj  "j 

kTwhere H. s -
J gmj 

Equations (111.11)i m p l i c i t l y  express  Dal ton ' s  l a w ,  according t o  which 
t h e  t o t a l  p ressure  i s  equal  t o  t h e  s u m  of t h e  p a r t i a l  p ressures  exer ted 
sepa ra t e ly  by t h e  var ious  cons t i t uen t s .  

Equations (111.10 o r  11) are fundamental equat ions which make it 
poss ib l e  t o  determine t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  p a r t i c l e  concen
t r a t i o n ,  i f  t h e  l a w s  of  v a r i a t i o n  of M and T with a l t i t u d e  are known. 
Conversely, if t h e  molecular concenkration i s  known a t  a given a l t i t u d e ,  
t h e  r a t i o  of t h e  o t h e r  two parameters, temperature and molecular mass, 
can be determined. W e  s h a l l  consider  some simple cases  which may rep
r e s e n t  cases  of  p r a c t i c a l  importance i n  c e r t a i n  regions of t h e  atmos
phere. We s h a l l  make use of  equat ion ( I I I . l O ) ,  s i nce  t h e  conclusions 
pe r t a in ing  t o  an average cons t i t uen t  may apply t o  a cons t i t uen t  of 
spec ies  j .  

Case 1. Le t  u s  consider  t h e  simple case,  

T = constant ,  M = constant ,  and hence H = constant .  Equation 
(111.10) i s  then w r i t t e n  

d N_ - d z  (111.12)
N H 
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and by in t eg ra t ion ,  

N = N o e  -z/H (111.13) 

where N i s  t h e  molecular concentrat ion a t  a l t i t u d e  z and No i s  t h e  mole

c u l a r  concentrat ion a t  a l t i t u d e  z = 0, considered as t h e  s t a r t i n g  l e v e l .  

If we wish t o  know t h e  t o t a l  number CjL of  p a r t i c l e s  i n  a v e r t i c a l  
column of u n i t  c ross  sec t ion  of f ixed  th ickness  zl, it w i l l  s u f f i c e  t o  
i n t e g r a t e  r e l a t i o n  (111.13) 

where No, which i s  a concentrat ion a t  l e v e l  z = 0, i s  the re fo re  t h e  num

b e r  of atoms per  em3 a t  t h e  base of t h e  column. 

I n  t h e  p r a c t i c a l  case where e = 0.01 may be neglected as com

pared t o  1, i .e . ,  when zl/H > 4.5, w e  can w r i t e  t o  t h e  ind ica ted  approxi

mation t h a t  t h e  t o t a l  number of atoms i n  a column of th i ckness  z12 4.5 H 
i s  given by 

(111.15) 

Case 2. Le t  M = constant  and l e t  u s  consider  a l i n e a r  increase  of  
t h e  temperature wi th  a l t i t u d e  

1' T,(l.4- @), E > O  (111.16) 

Hence, t ak ing  (111.9) i n t o  considerat ion,  we have 

11 = 11,(1 -1-52) . (111.17) 
When (111.16 and 17) are taken i n t o  account, equat ion (111.10) 

becomes 
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d X  E l l o  -1-.. 3- == 
N 

-
lrO(l + Ea) 

- (111.18) 

Hence, by in t eg ra t ing ,  

1 1 (111.19)Iq = Ko(3. + Ea) 5110 

The t o t a l  number '''Ti of p a r t i c l e s  i n  acolumn of f ixed thickness  z1 
i s  obtained by in t eg ra t ing  (111.19) 

By neglect ing i n  comparison with un i ty  

1-
(1 -1- E::) E l l o  & 0.0s (111.21) 

i . e . ,  keeping only t h e  f i r s t  term of t h e  expansion i n  series, s ince  

< 1, we have 
. . ~

I.. 
gr, :-= N"11, 1 (111.22) 

. . 

when 
-z1> 4.5 
HO 

Case 3. For M = constant,  l e t  u s  consider a l i n e a r  decrease of 
t h e  temperature 

T = T0(1- E.) , E > 0 (111.23) 

and, by v i r t u e  of (111.9), 

LI = lIo(l.- 52, (111.24) 
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On t h e  basis of (111.23 and 24), equat ion (111.10)becomes 

d X  l T &  3 da 
_ E  

li 11, 3. - Ez (111.25) 

By in t eg ra t ion ,  we ob ta in  t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  p a r t i c l e  
concentrat ion 

1
- - - - 1  (111.26)N = K,(l  - Ez) 511, 

The t o t a l  number of p a r t i c l e s  i n  a column of th ickness  z
1 

i s  given 
by t h e  i n t e g r a l  of (111.26) 

and, t h e  exponent being pos i t i ve ,  

1 
(111.271 


Since t h e  concentrat ion N m u s t  be p o s i t i v e  and not  zero, w e  always 

have 5 z < - I  . Hence, i n  t h e  p r a c t i c a l  case where 

(1 - Ex) G. 0.01 (111.28) 

i . e . ,  by keeping only t h e  f irst  term of  t h e  expansion i n  series, we 
have, w i th  t h e  ind ica ted  approximation, (111.27) 

(111.29) 
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(111.30) 


and consequently, 


(111.31) 

Taking into account (111.3l), we can write equation (111.10)as 


_ -. (1  - . 
52)(1.2 (111.32)(IS 

x I l o  

Hence, by integration, we get the vertical distribution of the par

ticle concentration 


If 9< 1 ,  i.e., the concentration N at altitude z is always less 
2 

than N0 at the level z = 0,we write relation (111.33) in the approxi

mate form 


"No c/JTo (111.34) 

This approximate representation of the variation of the concentra

tion N with the altitude is of the same type as that corresponding to 

an isothermal atmosphere. 


Relations (111.13,19, 26 and 33) may be considered fundamental 
relations which make it possible to determine the constitution of the 
atmosphere when sufficient data are available on the temperature and com
position. In the lower atmosphere (z < 35 km), aerological soundings 
provide both the vertical distribution of the pressure and of the tem
perature, and thus, the uniformity of the composition being considered, 
the vertical distribution of the constituents. The upper layers (z > 
35 km) cannot be studied without the use of hypotheses concerning the 

behavior of one or the other physical element. Many authors base their 

determination of the structure of the upper atmosphere on data obtained 
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from tropospheric observations. However, the results obtained cannot be 

wholly accepted in any of these cases. 


Below 90 km, despite certain discrepancies, recent determinations 
(Ref. 51) of the structure of the middle atmosphere (35-90km) are in 
essential agreement. This means that the use of relations (111.13, 19,  
26) is justified in the middle atmosphere where, if the average molecu

lar mass remains constant, we consider a probable distribution of the 

temperature, deduced from indirect observational data such as those on 
the absorption of ozne, the propagation of sound waves, the luminescence 
of meteors and luminous night clouds. Thus, we can admit the atmos
pheric distribution determined by Penndorf (Ref. 52)  as a result of a 
critical study of the various phenomena observable in the middle 
atmosphere. 

As far as the upper atmosphere (z > 90 km) is concerned, we shall 
show, in this chapter, by a discussion of the molecular mechanisms that 
the constitution is completely different from that of lower layers. 
Hence, it is necessary to consider a priori, for the vertical distribu
tion of the constituents, the laws which will be applicable to the upper 
atmosphere. 

To this end, let us again’consider the laws (111.13,19, 26) which 
yield, to the indicated approximation, the relations (III.15, 22, 2 3 ) ,
the latter being identical. In other words, if the variations of the 
parameters of equation (111.10) are fairly simple, the total number L a , ’ ,  

of particles in a column of thickness z1 is always given by 

when the following condition is applicable: 


8 1  >, 4.5 (111.36)]I0 

For the upper atmosphere, we assume to a first approximation that 
the vertical distribution follows a simple law in a layer of fixed 
thickness. For such a layer, we assume that the total number 2 - C  of 
molecules is given by the expression 

which may result from an exponential distribution. 
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(111.38) 

i n  an atmosphere which i s  not necessa r i ly  isothermal.  I n  (111.38), t h e  
parameter h i s  t h e  r a t e  of logari thmic decrease of t h e  molecular concen
t r a t i o n  wi th  t h e  a l t i t u d e .  

By considering t h i s  equat ion (111.38), we assume i m p l i c i t l y  t h a t  
t h e  general  equi l ibr ium equat ion along t h e  v e r t i c a l  i s  no t  necessa r i ly  
an equation of s t a t i c s ,  bu t  an equation which can t a k e  i n t o  account t h e  
most d ive r se  e f f e c t s .  I n  c e r t a i n  s p e c i a l  cases,  it w i l l  be poss ib l e  t o  
assume t h a t  t h e  genera l  equi l ibr ium equation corresponds t o  t h e  equat ion 
of s t a t i c s ;  w e  s h a l l  then  have, f o r  t h e  isothermal case,  

t h i s  means t h a t  t he  r a t e  of logari thmic decrease of t h e  molecular con
cen t r a t ion  h i s  i d e n t i c a l  t o  t h e  height  H of t h e  homogeneous atmosphere. 

Sect ion 3. The Upper Atmosphere 

The problem of t h e  s t r u c t u r e  of t h e  upper atmosphere ( z  90 km)
d i f f e r s  completely from t h a t  of t h e  middle atmosphere, s ince  a l l  t h e  
cons t i t uen t s  a r e  no longer  i n  t h e  molecular form. I n  p a r t i c u l a r ,  it i s  
w e l l  hown  ( R e f .  53) t h a t  t h e  oxygen molecule undergoes a photodissocia
t i o n  i n  t h e  atmospheric region above 80 km. However, t h e  p o s i t i o n  and 
d i s s o c i a t i o n  maximum of molecular oxygen and a f o r t i o r i  t h e  v e r t i c a l  
d i s t r i b u t i o n  of atomic and molecular oxygen cannot be f ixed ,  except on 
t h e  b a s i s  of uncer ta in  hypotheses. Depending on t h e  hypothesis,  t h e  
d i s s o c i a t i o n  maximum i s  located a t  very d i f f e r e n t  a l t i t u d e s .  Since t h e  
E region i s  located i n  the  atmospheric range of 100 t o  1.30 km, t h e  
s t r u c t u r e  of t h e  atmosphere should be p rec i se ly  determined. Fur ther 
more, t h e  phys ica l  s ta te  r e s u l t i n g  from t h e  d i s s o c i a t i o n  should give 
rise t o  a series o f ' q u e s t i o n s  concerning t h e  behavior of t h e  o t h e r  con
s t i t u e n t s .  We are going t o  show, successively,  t h a t  oxygen i s  d i s s o c i 
ated i n t o  atoms, t h a t  n i t rogen  i s  p a r t l y  d issoc ia ted ,  t h a t  t h e  NO mole
cule  e x i s t s  i n  a f ixed region, t h a t  helium i s  present  i n  appreciable  
amounts, and w e  s h a l l  f i n a l l y  a r r i v e  a t  a s t r u c t u r e  of t h e  upper atmos
phere t h a t  i s  r a d i c a l l y  d i f f e r e n t  from t h e  s t r u c t u r e  assumed up t o  t h e  
present  time. 
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A. Dissociation of the Oxygen Molecule 


In order to determine the properties of the zone of decomposition 
of molecular oxygen into atoms, we must know the mechanisms of dissocia
tion and recombination. To this end, we assume the medium to be made up 
of oxygen molecules (02),oxygen atoms (0), and other particles or third 

bodies (M), whose respective quantities per cm3 are N(0)2, N(0) and N(M). 


If D is the photodissociation coefficient, we shall denote by 


N(02) 'D 


the number of photodissociations of 02 molecules per cm3 per second; if 


R represents the recombination coefficient, 


~ ~ ( 0 ) 
OR 


denotes the number of molecular recombinations per cm3 per second. 

Hence, if t is the time, the state of dissociation will be defined at 

any instant by 


(111.40) 


In the case of a stationary state during the day, we shall have the 

statistical equilibrium equation 


(111.41) 


In order to explain this relation it is necessary to find the 

respective values of the coefficients D and R which depend on the most 

important elementary mechanisms occurring in the upper atmosphere. 


1. Case of dissociation 


Oxygen is located in the radiation field of the sun, whose diluted 
radiation is given by relation (11.1). The O2 molecules may be dissoci

ated; the part hvo of the absorbed energy hv corresponding to the photo-


dissociation potential is used to decompose the molecule, and the excess 

energy h(v-vo) will be transformed into the translational energy of the 


I 
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atoms. I n  order  t o  c a l c u l a t e  t h e  number of absorpt ion processes pro
ducing t h e  d i s soc ia t ion ,  w e  m u s t  know the  absorpt ion c o e f f i c i e n t  rela
t i v e  t o  t h e  t r a n s i t i o n  t o  t h e  d i s soc ia t ed  s t a t e .  The absorpt ion c o e f f i 
c i e n t  being known (Ref. 54 ) , l  t h e  number of photodissociat ions per  cm3 
per  se.cond i s  expressed by 

N ( 0 2 ) * D  = N(02) (111.42) 

where w i s  an average value of t h e  absorpt ion c o e f f i c i e n t  (Ref. 54) and 
Q ( z )  i s  t h e  number of s o l a r  quanta reaching t h e  atmospheric region of 
a l t i t u d e  z where the  photodissoc ia t ion  i s  being s tudied .  

I n  order  t o  take  i n t o  account t h e  f a c t  t h a t  p r i o r  t o  reaching a 
c e r t a i n  a l t i t u d e  z, t h e  d i s soc ia t ed  r a d i a t i o n  may undergo absorpt ion i n  
t h e  course of i t s  passage through t h e  upper l aye r s ,  w e  s h a l l  assume t h a t  
t he  number of quanta reaching t h e  a l t i t u d e  z i s  given by t h e  r e l a t i o n  

where Q, i s  t h e  number of quanta reaching t h e  top  of t h e  atmosphere and 

where T i s  t h e  o p t i c a l  th ickness  defined by (ho = angle  of a l t i t u d e  of 
t h e  sun) 

dT = 
xN(02) d z  

sinho 

'Ladenburg and Voorhis (Ref. 54) have determined experimental ly  t h e  value 
of t h e  o s c i l l a t i o n  f o r c e  ( f  = 0.193) of t he  continuum of photodissocia-

X6 t i o n  of oxygen a t  h 1,750 8. With r e l a t i o n  z(v)& := -/ , a mean value,
111 c 

x,  of t h e  absorpt ion c o e f f i c i e n t  i s  given by 

wi th  v
2 

= 77,000 cm-l and v1 = 57,100 em-'. For a v a r i a t i o n  of x as a 

func t ion  of v, see Figure 15. 

P 
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Taking t h e  l a t te r  two r e l a t i o n s  i n t o  account, we can immediately 
w r i t e  (111.42)as  

By introducing i n t o  (111.43) t he  value of Q, given by (II.3), we 
have 

i . e . ,  t h e  f i n a l  expression of t he  c o e f f i c i e n t  D.  

Replacing t h e  symbols by t h e i r  numerical values (Ts = 5,74O0K), w e  
have 

2. Case of recombination 

A p r i o r i ,  t h r e e  recombination processes may be  involved i n  t h e  case 
of oxygen. They a r e  as follows: 

(1) Recombination v i a  t r i p l e  c o l l i s i o n s  according t o  t h e  equat ion 

O(3P) + O(3P) + M-O2 + M (111.46) 

where t h e  t h i r d  p a r t i c l e  captures  the  recombination energy i n  t h e  form 
of e x c i t a t i o n  o r  k i n e t i c  energy. 

(2) Radiat ive recombination of two normal atoms 

O( 3P) + O (  3P)-02 + hv; (111.47) 
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t h i s  process i s  the  reverse  of t h e  absorpt ion of t h e  t e l l u r i c  bands of 
oxygen or Herzberg bands lead ing  t o  d i s soc ia t ion  i n t o  two normal atoms. 

(3) Rad ia t ive  recombination of a normal atom and an exc i ted  atom 

O(3P)  + 0(%)+02 + hv; (111.48) 

-this process i s  t h e  reverse  of t h e  absorpt ion of Schumann-Runge bands. 
The re la t ive values  of t he  t h r e e  procegses (111.46, 47 and 48) depend on 
the  recombination p r o b a b i l i t i e s  i n  double or t r i p l e  c o l l i s i o n s .  From 
t h e  r e s u l t s  of t h e  k i n e t i c  theory and s p e c t r a l  p roper t ies ,  it i s  pos
s i b l e  t o  determine which of t h e  var ious processes are t h e  most important.  

Let  u s  assume f i r s t  t h a t  t h e  number of double c o l l i s i o n s  9 L ( A , l ~ )  

per  second p e r  cm3 between p a r t i c l e s  A and B whose concentrat ions a r e  
N(A) and N(B) i s  given by t h e  Jeans formula (Ref. 55)  

where m
A 

and m
B 

are t h e  masses of t h e  p a r t i c l e s  A and B, 0
AB 

i s  t h e  

d i s t ance  between the  cen te r s  of t h e  two p a r t i c l e s  at t h e  i n s t a n t  of co l 
l i s i o n ,  k i s  Boltzmann's constant ,  and T i s  the  temperature. 

For t h e  determinat ion of t r i p l e  c o l l i s i o n s ,  l e t  U S  consider  t h ree  
spec ies  of p a r t i c l e s  N ( A ) ,  N(B),  and N(M),  character ized by t h e i r  masses 
mA, %, and % and t h e i r  d i s t ances  from t h e  cen te r s  during c o l l i s i o n s ,  

CT
AB 

and 0
AM' 

W e  define' t h e  number of t r i p l e  c o l l i s i o n s  9L(A,l:,31) per  

cm3 per second by t h e  r e l a t i o n  

where wAB i s  t h e  p r o b a b i l i t y  of a t r i p l e  c o l l i s i o n  o f ' t h e  t h i r d  p a r t i c l e  

wi th  one of t h e  o the r  two p a r t i c l e s  undergoing a double c o l l i s i o n .  I n  

'See E.  Rabinowitch, Trans.  Faraday SOC., 33, 283, 1937, and re ferences  
t h e r e i n .  
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other words, we assume that during the collision of the first two par
ticles A and B, there is a probability, w

AB, 
that a third particle, M, 

will collide with one or the other of the two particles considered. 


If we introduce the duration of the double collision, TAB’ the 

probability, is expressed by the relation 

(111.51) 


By virtue of (111.49and 5l), relation (111.30)applied to oxygen 
0 = A = B may be written as 

. . ..- - ... .. ._.
1 

Assuming that the kinetic collision cross section corresponds to 

the effective recombination cross section, the preceding relation 

(111.72)provides the recombination number of the oxygen molecule per 

triple collision. 


The determination of the frequencies of radiative recombination 

processes requires the knowledge of the recombination probability in the 

course of a double collision, determined by formula (111.49)of the 

kinetic theory. This probability may be calculated by assuming that in 

the course of the collision of the two atoms, the pseudo-molecular as
sociation may lose the excess energy resulting from the possible recom
bination in the form of radiation. If T is the duration of the colli
sion and w is the probability of radiative recombination, we can write r 

1
where A
ji 

is the probability of emission. Consequently, we obtain the 


number of radiated recombinations of O2 by means of relation (111.49) 

’The values of A
ji are calculated in the following manner: (1) for the 


S i;?E?,’ 2Schumann-Runge system by the relation Aji = -/ i j  = 6.2’108; 
nrcs 
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By rep lac ing  the  symbols i n  r e l a t i o n s  (111.52 and 53) by t h e i r  
numerical values,  we success ive ly  obta in  t h e  following r e s u l t s  f o r  t h e  
recombination c o e f f i c i e n t s :  

(1) Recombination v i a  t r i p l e  c o l l i s i o n  of normal atoms (111.52) 

N(M) (111.54)R ( 0 2 ,  M) = 4 . 4 4 . 1 0 - ~ ~  

(2 )  Rad ia t ive  recombination v i a  c o l l i s i o n  of normal atom O( 3P) and 

exc i ted  atom O (  1D )  i n  t h e  Schumann-Runge system 

R(02, ? D ) s  = 2.10 -14 (111.551 

If t h e  r a t i o  of exc i ted  atoms O (  1D )  t o  normal atoms O (  3P) i s  denoted 

by r ,  w e  w r i t e  t h a t  t h e  number of recombinations per  second per  cm3 i s  
e q u a l  t o  

N 2 (0) R ( 0 2 ,  3P)s = N2 (0) J*  2.10 -14 (111.55 ' 1 

(3) Radiat ive recombination v i a  t he  c o l l i s i o n s  of two normal atoms 
i n  t h e  system of t e l l u r i c  bands 

(Footnote continued from preceding page) 

(2)  f o r  t h e  atmospheric bands by t h e  experimental r e s u l t  of Mecke (Trans 

Faraday SOC., 27, 359, 1931), who determined t h e  l i f e t i m e  of t h e  higher  


s t a t e  t o  be 7 sec,  whence Aji = l / 7  = 0.143 sec  
-1 
; (3) f o r  Herzberg 

bands, by assuming on the  b a s i s  of experimental  r e s u l t s  t h a t  t h e  absorp

t i o n  c o e f f i c i e n t  of t h i s  system i s  lo7 t imes smaller  than  t h a t  of t h e  
Schumann-Runge system; 

Aj i  
= 2.4.103. If t h e  temperature i s  of t h e  order  

of 300°K, T = 8.10-13 see .  For molecular spec t ra ,  see f o r  example t h e  
re ference  i n  V. Henri ,  "Tables annuel les  des constantes  e t  donn6es nume'
r iques  (Annual Tables of Numerical Constants and Data), f a s c .  11, March 
1937 
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(111.56) 

(4) Radiative recombination via collisions of two normal atoms in 
the system of Herzberg bands 

-20
R(02 ,  3P)H = 7.6010 

3. Equilibrium equation 


Given that the coefficients of dissociation and recombination are 

known (111.44and 45) and (111.32and 33; 54, 55’,56 and 57’), respec

tively, we write the equation of statistical equilibrium (111.41)in 

the final form 


By setting 


RIN(M) f R ( 0 2 ,  M) 

to represent the action of triple collisipns on the recombination and 

to represent the action of double collisions on the recombination, we 
finally write (111.58)in the form 

- . . . . . .  . . . . . . . . .,.-.. 
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4. Spectral properties 


In order to avoid introducing any arbitrary hypothesis on the ver
tical distribution of the constituents in the region of dissociation of 
02, it is necessary to refer to the conclusions which can be drawn from 

spectral observations. 


Forbidden transitions of atomic oxygen are observed in the spectrum 

of the night sky and of the aurora. We have discussed (Ref. 56) the 


0
conditions of emission at the green line ( h  5,577 A) and red lines 

(xX6,300-6,363X)of the neutral atom 01. 


Since the triple collision process can apply only to the lowest re
gion of the upper atmosphere, we have introduced (Ref. 57) the possible 
effect of the absence of the dipole of the N2 and O2 molecules. This 

effect (Ref. 58) would make it easier to interpret the increase observed 

in the ratio of the intensities of the red lines to the intensity of the 

green line in the auroral spectrum. In fact, a complete theory of the 

night sky emission should take into account the ionospheric results 

which we obtain in Chapter V. 


In addition to this nocturnal or auroral emission, attention should 

be focused primarily on the twilight reinforcement of the intensity of 

the red transition, in which the green line does not undergo any varia

tions. We can adopt the simple hypothesis of a resonance effect and an 

emission which is unperturbed by deactivating collisions. In this case, 

the emission should be proportional to the number of atoms. Or it may 

be suggested (Ref. 56) that the photochemical decomposition is not 

negligible in the twilight formation of the O(lD) atoms, the higher state 

of the red radiations transition. In this case, this phenomenon could 

be involved in the twilight reinforcement in accordance with the process 


However, the intensity variation of these radiations was success
fully observed as a function of the altitude, and from these observations 
it follows (Ref. 59)  that the intensity maximum (at middle latitudes) 
appears at an altitude of 105-110km. Starting from these quantitative
data, and knowing both the mechanisms of dissociation and recombination 
of oxygen and the mechanisms of excitation of the radiations of oxygen, 
we are going to determine the altitude of the phenomena which affect the 
decomposition of 02, and hence, deduce the structure of the upper 
atmosphere. 
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5. Determination of t h e  a l t i t u d e s  

L e t  u s  consider  a simple d i s t r i b u t i o n  g iven  by equat ion (111.38) i n  
t h e  reg ion  of  d i s s o c i a t i o n  of 02. For t h e  d i f f e r e n t  cons t i t uen t s  of 

oxygen, which w e  s h a l l  t r e a t  as a t h i r d  body (M),  we  w r i t e  

N(M) = N ~ ( M )  e -Z/h (111.63) 

where h i s  t h e  r a t e  of logari thmic decrease of t h e  molecular concentra
t i o n  N(M) a t  a l t i t u d e  z. No(M) i s  t h e  molecular concentrat ion a t  a l t i 

tude z = 0, considered as t h e  s t a r t i n g  l e v e l .  

For 02, t h e  v e r t i c a l  d i s t r i b u t i o n  w i l l  be necessa r i ly  d i f f e r e n t ;  

w e  wr i t e ,  by v i r t u e  of (111.38), 

(111.64) 

where h < h, s ince ,  because of t h e  d i s s o c i a t i o n ,  molecular oxygen del 


creases  more r a p i d l y  wi th  a l t i t u d e  than  do t h e  o t h e r  cons t i t uen t s .  

By v i r t u e  of equat ions (111.63 and 64), t h e  genera l  r e l a t i o n  (111.
59)may be w r i t t e n  i n  t h e  form 

which, a f te r  in t eg ra t ion ,  becomes 

This  expression (111.63)gives  t h e  va lue  of t h e  concentrat ion of 
atomic oxygen. 



The d i s s o c i a t i o n  number per  cm3 per  second i s  given by r e l a t i o n  
(111.43) which, on t h e  b a s i s  of (111.64) and a f t e r  in t eg ra t ion ,  i s  
w r i t t e n  as 

I n  order  t o  determine t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  emission of 
t h e  forbidden red doublet  o f  oxygen a t  tw i l igh t ,  w e  m u s t  f i r s t  consider  

t h e  var ious processes of deexc i t a t ion  of t h e 'D atom produced by t h e  

photodissociat ion of O2 (111.62);. The r a d i a t i v e  emission, %-3P, whose 

v e r t i c a l  i n t e n s i t y  d i s t r i b u t i o n  w e  a r e  seeking, i s  o f f s e t  by t h e  deex
c i t a t i o n  by c o l l i s i o n s ,  whose p robab i l i t y  i s  a func t ion  of  t h e  number 
of c o l l i s i o n s .  Let A21 be t h e  p r o b a b i l i t y  o f  spontaneous emission, b21 

the  probabi i t y  of molecular formation i n  t h e  Schumann-Runge system, and 
a
21 

= Q N ( M3 t h e  p r o b a b i l i t y  of deac t iva t ing  c o l l i s i o n s  where Q i s  pro

por t iona l  t o  t h e  e f f e c t i v e  c o l l i s i o n  c ros s  sec t ion .  The i n t e n s i t y  of 
t h e  emission w i l l  t h e r e f o r e  be  expressed as a func t ion  of t h e  d i s s o c i a 
t i o n  number and of t h e  r a t i o  of t h e  p robab i l i t y  of spontaneous emission 
t o  t h e  t o t a l  p r o b a b i l i t y  of t h e  var ious  i n i t i a l  processes of  t h e  s t a t e  

0
'D. We thus  obtain,  f o r  t h e  number of emissions I of XX 6,300-6,364 A, 
t h e  expression 

(111.67) 

A
21 

< a
21 

+ b
21 

may be neglected i n  t h e  denominator ( R e f .  60);  i n  addi 

t i o n ,  b
21 

and a
21 

correspond t o  double and t r i p l e  c o l l i s i o n s ,  i . e . ,  t o  

R2 and R1 N ( M ) ,  r espec t ive ly ,  i n  equat ion (111.65). Hence, a f t e r  i n t e 

gra t ing ,  w e  w r i t e  (111.67), on t h e  b a s i s  of (111.64) 
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By d i f f e r e n t i a t i n g  r e l a t i o n s  (111.65,66 and 68) wi th  r e spec t  t o  z, 
w e  can ob ta in  t h e  expressions of t h e  condi t ions for the maxim% of t h e  
concentrat ion of atomic oxygen, of  t h e  d i s s o c i a t i o n  of 02' and of t h e  

i n t e n s i t y  of  t h e  red l i n e s  of  oxygen. Since t h e  a l t i t u d e  of t h e  maximum 
i n t e n s i t y  of t hese  r a d i a t i o n s  i s  known a t  middle l a t i t u d e s  from observa
t i o n s ,  one should be  a b l e  t o  determine t h e  a l t i t u d e s  of t h e  o t h e r  
phenomena. 

A p r i o r i ,  two cases  may a r i se  depending upon t h e  r e l a t i v e  impor
tance  of t h e  two terms i n  t h e  denominator i n  formulas (111.65 and 68). 
Suppose f i r s t  t h a t  t h e  e f f e c t  of  double c o l l i s i o n s  i s  neg l ig ib l e  com
pared t o  t h a t  of  t r i p l e  c o l l i s i o n s .  By s e t t i n g  h = w hl, where w >1, 

expressions (111.65 and 68) can be -wr i t t en ,  t o  t h e  accepted approximation, 

and 

Cancel la t ion of  t h e  d e r i v a t i v e  wi th  r e spec t  t o  z i n  t h e  expressions
(111.69and 70) gives  

(111.71) 


If t h e  e f f e c t  of t r i p l e  c o l l i s i o n s  i s  neg l ig ib l e  compared t o  t h a t  
of double c o l l i s i o n s ,  (111.65and 68) are w r i t t e n  t o  t h e  accepted 
approximation, 

and 



Cancellation of t h e  de r iva t ive  of (111.72 and 73) wi th  respec t  t o  z 
y ie lds  t h e  expression 

(111.74) 

F ina l ly ,  expression (111.66), d i f f e r e n t i a t e d  i n  t h e  same manner, 
y i e lds ,  by cance l la t ion  

I n  t h e  end, w e  f i nd  t h e  following r e s u l t s :  

(1) I n  t h e  case where t r i p l e  c o l l i s i o n s  play t h e  p r inc ipa l  pa r t ,  
expressions (111.71 and 75) derived from (111.65, 66, and 67) make it 
poss ib le  t o  w r i t e  t he  r e l a t i o n  between the  a l t i t u d e s  of  t he  maximal 

(2)  I n  t h e  case where double c o l l i s i o n s  play t h e  p r inc ipa l  p a r t ,  
expressions (111.74 and 75), a l s o  derived from (111.65, 66, and 67), 
y ie ld  t h e  r e l a t i o n  

Using numerical da t a ,  we s h a l l  e a s i l y  deduce t h a t  r e l a t i o n  (111.76) 
alone app l i e s .  Indeed, observat ions ind ica t e  t h a t  

~ ( 6 3 0 0- 6363)max = 105 t o  110 km (111.78) 

a l t i t u d e  a t  which N(M) > 10
12 . From t h e  numerical values  of t h e  two 

terms i n  t h e  denominator of (111.59) we deduce t h a t ,  wi th  (<lo-6, 

'The same r e s u l t  i s  obtained i f  a simple resonance e f f e c t  i s  considered. 
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when N(M) > 
Thus, the simple relation (111.76)enables us to determine the pro

perties characteristic of the upper atmosphere on the basis of the alti
tude deduced from the observations, from the maximum emission of the red 
lines at twilight, and without the use of any hypothesis on the structure 
of the atmosphere. We have seen in Chapter I that the altitude of the E 
region was between 100 and 130 km. This region corresponds, therefore, 
to the maximum dissociation of 02,whereas the F1 and F2 regions, located 

at altitudes in excess of 200 km, are beyond the atmospheric range of 

this molecule. In the final analysis, the processes of decomposition 

and recombination affecting the O2 molecule may have an effect on the be


havior of the other constituents. This behavior will be studied in the 
following section. 

B. Dissociation of N and Formation of NO
2 

From the presence of radiations of atomic nitrogen in the auroral 
spectrum, we should conclude that the N2 molecule decomposes in the 

upper atomosphere. However, observation (Ref. 61) of molecular bands 
of T$ in sunlit auroras up to altitudes of 1,000 km indicates that this 

compound is only partly dissociated. Although it is possible to give a 
rough explanation of the increase with altitude in the radiations of 
atomic nitrogen (Ref. 62) and molecular nitrogen (Ref. 63) (Vegard-Kaplan
bands), it follows, nevertheless, that the problem of the simultaneous 
existence of the atom and molecule in the entire region of the upper 
atmosphere has not been solved. However, the knowledge of the structure 
of the ionosphere requires a determination of the state of dissociation 
of N2. As is amply indicated by the spectroscopic data on N2 (shape of 

the potential energy curves), we must not consider the possibility of 
photodissociation, as in the case of 02. Moreover, a photochemical de

composition effect would contradict the presence of N
2 
molecules up to 

1,000 km. The simultaneous presence of N and N2 should, therefore, re

sult from the equilibrium of the elementary mechanisms within the upper 



atmosphere. To this end, let us consider, in the transition region 
(02-0 i0)determined by the study made in the preceding section, the 

elementary mechanisms which are necessarily involved in the formation 
and decomposition of 02. 

When we have a recombination of oxygen via triple collisions ac
cording to the equation 

we also have 


where the recombination coefficient is of the order of 4 - 1 0 - ~ ~ 
N(M). 


In addition, we shall see later, in a study of the ionospheric pro
perties, that the negative ions 0- exist in the upper atmosphere. Bence 
(see Chapter IV), 

(111.83) 

(111.84) 

(111.85) 

where e represents the detached electron and where the recombination co

efficient is of the order of 2’10-16 . 
The three molecules 0

2, 
03 and N20 which result from (111.80 


through 85) undergo photodissociation. 02 is decomposed, as was indi


cated above, whereas 0
3 
has a very short lifetime (Ref. 64) at these al

titudes. As far as N20 is concerned, in the presence of s o l a r  radiation 
0

X < 2,140 ?- 130 A, a photochemical decomposition will be observed (Ref.
65) according to the equation 
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NO2 + IIV -+ NO(2I-l) + X(W) 

i.e., the formation of NO and N. 


The presence of N results in the processes 


N + 0 2  + N + NO2 + 3L 

N + O  + M - - + N O  + M  


N + N  + N L N - u ,  + N  


N + O - + N O + &  


N(4S) -F N(W) --+ su + 1l.V 


Since NO
2 
undergoes a photochemical decomposition, 

NO2 + Av (A < 4040 Aj  3 NO -I-O ( W )  

NO2 4- W V  (A < 2450A) 3 NO + O('1)) 

(111.86) 


(111.87) 
(111.88) 
(111.89) 
(111.go) 
(111.91) 

(111.92) 

(111* 931 

we have, from (111.88through 93), the recombination of nitrogen and the 

formation of NO. 


From this sequence of reactions, corresponding to the most impor

tant processes which must necessarily exist in the atmosphere starting 

from the formation of atomic oxygen, we deduce that NO is formed contin

uously in the upper atmosphere. Furthermore, no mechanism allows the 

direct dissociation of NO. The photochemical decomposition, which readi

ly dissociates 02,does not take place in the case of NO. This molecule 


necessarily will be ionized by the solar radiation. Indeed, from the 

experimental results now available (Ref. 66), we deduce that 


NO + It,v (1. < 1300 15 A )  -> so++ g (111.94) 

where the energy necessary for the ionization is equal to 9.5+- 0.1eV. 
In addition, since the dissociation potential of NO+ is equal to 9.37* 
0.2 eV, we write 



Hence, the NO molecule formed in the upper atmosphere disappears 

via the process of photoionization. 


In order to precisely determine the atmospheric region where an 

equilibrium between the effects of solar radiation and the molecular 

formation maintains the greatest abundance of NO, it would be necessary 

to know the exact values of the absorption coefficients of NO and N@. 

In the absence of any experimental determination and because of the im-' 

possibility of a theoretical investigation, we must assume that the 
spectral region is located between the continua of photodissociation and 
photoionization of 0

2 
(see Figure 15) and includes the La! radiation of 

hydrogen. Consequently, we can assert (since the absorption coefficients 
can differ only within certain limits) that the distribution of NO in 
the neutral and i-onizedstate will not differ much from that of 02. In 

other words, when we assume that O2 is practically dissociated, we are 

certain that NO has been ionized to form N and Os-. Moreover, in the 

transition zone located under lo5 km, where we have found that 0 and O2 

are simultaneously present and where 0 has not yet reached its maximum 
abundance, there exists an equilibrium between the production of NO and 
its disappearance via photoionization. 

When NO disappears after its formation by either one of mechanisms 

(111.86or 95), a nitrogen atom is formed. It follows that the NO and 

and N constituents are mutually exclusive. In the atmospheric region 

where recombination via triple collisions is predominant, the abundance 
of NO is greater than that of N. As soon as the photochemical action of 
NO assumes an increasingly greater importance and the triple-collision 
recombinations are more numerous, the number of nitrogen atoms increases. 
Finally, when processes such as (111.90to 91) acquire a relative impor
tance, the abundance of NO becomes insignificant as a result of the 
effect of the processes (111.92and 9 3 ) ,  as compared with the abundance 
of N, which is limited only by the molecular recombination to Ne. 

In short, NO characterizes the atmospheric region located below 
the maximum of dissociation of 02' whereas N becomes important at the 

altitude (105-110km at our latitudes) of the maximum of abundance of 0. 


The results acquired thus far provide the essential indication that 
the composition of the upper atmosphere is different from that of the 
lower and middle atmosphere. The permanently present O2 and N2 are 

replaced by 0 and partially by N, whereas NO is formed in the transition 




zone. On t h e  o t h e r  hand, i f  we draw a p a r a l l e l  between t h i s  behavior 
and t h e  observa t iona l  d a t a  on t h e  a l t i t u d e  of t h e  ionospheric  regions,  
w e  may conclude t h a t  NO and 0

2 
cha rac t e r i ze  s o l e l y  t h e  atmospheric r e 

gion of t h e  E l a y e r ,  whereas t h e  o the r  cons t i t uen t s ,  0, N and N2 are  
present  i n  t h e  region of  t h e  F1 and F2 l a y e r s .  

C .  H e l i u m  

That oxygen and at-mic n i t rogen  cha rac t e r i ze  the  atmosphere a t  t h e  
h ighes t  a l t i t u d e s  i s  w e l l  demonstrated by t h e  inves t iga t ions  made i n  
the  preceding sec t ions .  However, i f  w e  apply t h e  equat ion of s t a t i c s  
(111.13) t o  t h e  upper atmosphere, t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  
molecular concentrat ion should be subjected t o  a h igher  temperature so 
t h a t  t h e  d e n s i t y  may s t i l l  be s u f f i c i e n t  a t  t h e  h ighes t  a l t i t u d e s .  Even 
i n  t h i s  case, t h e  d i f f u s i o n  phenomenon could not  exist, or else t h e  a t 
mospheric region loca ted  above 300 km would be exc lus ive ly  made up of  
atoms and t h e  N2 molecule would be  absent .  Taking t h e  ionospheric re

su l t s  i n t o  considerat ion,  r ad io  engineers  have advanced t h e  hypothesis 
t h a t  t h e  v e r t i c a l  molecular d i s t r i b u t i o n  i s  subjected t o  a high tempera
tu re  ( R e f .  6 7 ) ,  i n  order  t o  make t h e  ca lcu la ted  a l t i t u d e s  of t h e  F1 and 

F
2 

regions agree wi th  t h e  experimental  determinat ions.  Thus, by implic

i t l y  assuming t h a t  t h e  ra te  h of logari thmic decrease  of t h e  molecular 
concentrat ion wi th  a l t i t u d e  (111.38) i s  i d e n t i c a l  t o  t h e  he ight  H of t h e  
homogeneous atmosphere (111.39), one s t i l l  assumes t h a t  t h e  temperatures 
of t h e  E and F regions are qu i t e  d i f f e r e n t .  Whereas, f o r  t h e  E region, 
t he  assumed value of H (which we s h a l l  c a l l  t h e  ionospheric  he ight  s c a l e )  
i s  of t h e  o rde r  of 10 km, it reaches or surpasses  30 km f o r  t h e  F region. 
I n  t h e  case of a uniform composition, we see t h a t  t h e  temperature of 
375OK a t  about 100 km should exceed 700°K a t  about 250 km. 

For t h i s  hypothesis  t o  be acceptable ,  it m u s t  be ab le  t o  i n t e r p r e t  
t h e  observa t iona l  d a t a  of a l l  t h e  s t a t i o n s .  Thus, a t  t h e  s t a t i o n s  of  
t h e  au ro ra l  zone (Tromsij, f o r  example), t h e  E and F reg ions  are analogous 
t o  t h e  regions of middle l a t i t u d e s ,  so  t h a t  t h e  ionospheric s c a l e s  of 
height  H do no t  show any e s s e n t i a l  d i f f e rences .  We have r ecen t ly  i n d i 
cated ( R e f .  68) t h a t  t h e  region of t h e  upper atmosphere a t  middle l a t i 
tudes  i s  subjected t o  a s o l a r  e f f e c t  which i s  more pronounced than  t h a t  
t o  which t h e  po la r  reg ions  are subjected during winter ,  and i t s  tempera
tu re  i s  therefore  s l i g h t l y  higher .  However, w e  have a l s o  shown ( R e f .  68)
t h a t  t h e  temperature of t h e  au ro ra l  region a t  about 100 k m  w a s  below O°C. 
I n  addi t ion,  observat ions made by Vegard ( R e f .  69) have never shown t h e  



temperature increase  requi red  by t h e  above hypothesis .  Hence, it i s  i m 
poss ib le  t o  r econc i l e  t h e  low "aurora l  temperatures' '  (Ref. 6 8 ) ,  whose 
determinat ion u l t ima te ly  depends on t h e  observat ion,  w i th  t h e  "ionospheric 
temperatures" ( R e f .  6 8 ) .  

Consequently, it i s  our  view tha t  t h e  results of t h e  theory and ob
se rva t ion  con t r ad ic t  a marked increase  of t h e  temperature wi th  t h e  
a l t i t u d e .  

Since t h e  hypothesis  o f  an elevated temperature i n  t h e  F2 region 

cannot be accepted, on ly  t h e  decrease i n  t h e  average molecular mass, by 
v i r t u e  of (111.9), should be one of t h e  p r i n c i p a l  causes of t h i s  exten
s ion  of t h e  atmosphere toward high a l t i t u d e s .  We have seen $hat t h e  
t o t a l  d i s s o c i a t i o n  of 02 and p a r t i a l  d i s s o c i a t i o n  of N 2 t akes  p lace  be

tween the E anf F regions.  However, a simple ca l cu la t ion  shows t h a t  t h i s  
d i s s o c i a t i o n  accounts only p a r t i a l l y  f o r  t h e  change i n  t h e  s t r u c t u r e  of 
t h e  atmosphere expressed by t h e  v a r i a t i o n  of H.  Hence, t h e  genera l  de
crease of t h e  average molecular mass should be a t t r i b u t e d  t o  a l i g h t 
weight element which has s p e c i a l  p rope r t i e s  w i th in  t h e  atmosphere. This  
element should be abundant, so  t h a t  t h e  average molecular m a s s  be appre
c i ab ly  influenced by i t s  presence.  Furthermore, i t s  power of molecular 
a s soc ia t ion  should be  n e g l i g i b l e  as compared t o  O2 and N2. Moreover, 

i t s  spectroscopic  p r o p e r t i e s  m u s t  be such t h a t  i t s  l i n e s  are d i f f i c u l t  
t o  observe i n  t h e  spectrum of t h e  l i g h t  of t h e  n igh t  sky and even i n  t h e  
spectrum of t h e  auroras .  I n  addi t ion ,  t h e  d i f f e rence  i n  t h e  ionospheric 
height  s c a l e  of t h e  E and F regions should be j u s t i f i e d  i n  t h e  presence 
of t h i s  element. 

Only one atom meets a l l  t h e  condi t ions which w e  have j u s t  enumerated: 
helium. Indeed, t h i s  i n e r t  gas  does no t  e n t e r  i n t o  any molecular a s soc i 
a t ion .  I t s  e l e c t r o n i c  a f f i n i t y  i s  n u l l .  No forbidden t r a n s i t i o n  ( the  
most i n t ense  r a d i a t i o n s  i n  t h e  spec t r a  of  t h e  n igh t  sky and of t h e  aurora)  
i s  loca ted  i n  t h e  observable  s p e c t r a l  range. The r a d i a t i o n s  which may 
appear i n  t h i s  range correspond t o  allowed t r a n s i t i o n s .  The example of  
t he  oxygen atom (Ref .  70) shows t h a t  t h e  i n t e n s i t y  of  t h e  allowed l i n e s  
i s  very weak as compared t o  t h e  i n t e n s i t y  of t h e  forbidden l i n e s ,  and t h e  
allowed t r a n s i t i o n s  of H e I ,  whose e x c i t a t i o n  p o t e n t i a l s  exceed t h o s e  of 
01, w i l l  t h e r e f o r e  have, a p r i o r i ,  a very weak i n t e n s i t y .  Hence, t h e i r  
observat ion even for an abundance of H e 1  equal  t o  t h a t  of 01 w i l l  be 
except ional  ( R e f .  71) 

'The l i n e s  of t h e  hydrogen series have been observed only very r ecen t ly  
i n  t h e  spectrum of auroras  (L. Vegard, R e f .  71). 
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Let us assume the effective presence of helium. Then, we only have 
to account for the difference in the ionospheric height scales of the E 
and F regions. A priori, two explanations may be considered: the first 
is to assume that the influence of helium becomes effective only at the 
level of the F region; the second is that the ionospheric height scales 
do not correspond to these heights of the homogeneous atmosphere H but, 
in reality, to the parameter h of the .verticaldistribution of the ion
ospheric constituent subjected to ionization. In the first case, it is 
difficult to find the physical reason for an accumulation of helium 
starting at 200 km, and this explanation cannot be retained. On the 
contrary, if it is assumed that the parameter h representing the rate 
of logarithmic decrease of the constituent forming the E region applies 
to a molecule such as 02, it is .possibleto assume that h is smaller 

than the H scale attributable to the other constituents Q, N2, etc. and 


it will be possible to consider helium as a permanent element of the 

upper atmosphere. 


In short, helium should be added to the principal constituents 02, 


NO, N2, 0 and N, which effectively determine the average molecular mass 

of the upper atmosphere. However, we still have to interpret the con

stant of the ionospheric height scale in order to explain the difference 

between the scales of the E and F regions. This point will be elucidated 

in Section 3, of' Chapter V. 


1 
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CHAPTEB I V .  GENERAL IONIZATION EQUATIONS 

Sect ion  1. In t roduct ion  

The determinat ion of  t h e  s ta te  of i on iza t ion  i n  t h e  upper atmos
phere r equ i r e s  an a p r i o r i  knowledge of  t h e  elementary mechanisms a f f e c t 
ing t h e  d i s t r i b u t i o n  of  t h e  phys ica l  cons t i t uen t s - -neu t r a l  molecules 
and atoms, p o s i t i v e  and negat ive ions,  and e l ec t rons .  Indeed, w e  cannot 
consider t h e  simple case of thermal ion iza t ion  determined by t h e  Saha 
equation, s ince  t h e  atmosphere i s  not  made up of a gas  of uniform t e m 
pera ture  subjected t o  i t s  own temperature r a d i a t i o n .  I n  o the r  words, 
t h e  u s e  of an equation r e s u l t i n g  from a simple chemical rea,ction i s  not  
permitted because t h e  s t a t i s t i c a l  equi l ibr ium does not  correspond t o  t h e  
r a d i a t i v e  e q u i l i b r i u m .  

I n  f a c t ,  t h e  atmospheric gases  are subjected t o  t h e  ac t ion  of an 
ex te rna l  f i e l d  of r a d i a t i o n s  emanating from t h e  sun, and t h e  knowledge 
o fa the  elementary processes  such as photoionizat ion and cumulative i o n i 
za t ion  i s  required f o r  t h e  determinat ion of t h e  production of charged 
p a r t i c l e s .  I n  t h e  absence of s o l a r  r a d i a t i o n  (n ight  condi t ions) ,  i on iza 
t i o n  due t o  e i t h e r  e l e c t r o n  impact and/or c o l l i s i o n s  of p o s i t i v e  ions 
could be  involved. However, t hese  processes,  which r equ i r e  an excessive
l y  high energy, are always neg l ig ib l e  i n  t h e  presence of i on iza t ions  
r e s u l t i n g  from a t r a n s f e r  of a c t i v a t i o n  by c o l l i s i o n s  of t h e  second kind. 
Moreover, s ince  t h e  concent ra t ion  of exc i ted  p a r t i c l e s  i s  r e l a t i v e l y  
s l i g h t ,  t h e  l a t t e r  c o l l i s i o n s  w i l l  not  b e  considered i n  t h e  presence of 
t h e  ion iza t ion  res idue  induced during t h e  day i n  t h e  f i e l d  of t h e  s o l a r  
r a d i a t i o n .  

The r a d i a t i v e  processes  of  i on iza t ion  of n e u t r a l  p a r t i c l e s  and 
negat ive  ions  a r e  o f f s e t  by t h e  processes of spontaneous recombination 
which depend on t h e  phys ica l  condi t ions of t h e  atmosphere. A s  i n  t h e  
case  of ion iza t ion ,  one m u s t  r e s o r t  t o  t he  elementary mechanisms resul t 
i n g  from c o l l i s i o n s  between n e u t r a l  p a r t i c l e s ,  ions  and e l ec t rons .  How
ever,  t h e r e  i s  a fundamental d i f f e rence  between t h e  processes inducing 
t h e  ion iza t ion  and recombination, respec t ive ly ,  because of t h e  d i f f e r 
ence i n  t h e  temperature of t h e  gas  (atmosphere) and t h a t  of t he  source 
(sun) .  I o n i z a t i o n  can appear only under normal s t a t e  condi t ions,  where
a s  recombination t akes  p lace  i n  a l l  of t h e  normal and exc i ted  states. 
I n  o the r  words, w e  are dea l ing  i n  t h e  atmosphere wi th  a gas  whose t e m 
pera ture  i s  too  low, r e l a t ive  t o  t h e  equivalent  temperature of t h e  s o l a r  
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rad ia t ion ,  t o  permit a s ta te  of  equi l ibr ium i n  which t h e  t r a n s i t i o n s  
from a given quantum state are s o l e l y  o f f s e t  by t r a n s i t i o n s  t o  t h e  same 
state. It is ,  the re fo re ,  necessary t o  determine t h e  state of  i on iza t ion  
i n  i t s  most genera l  form and t o  f i n d  adequate equat ions f o r  d i r e c t  a p p l i 
c a t i o n  t o  t h e  ionosphere. 

Sec t ion  2. General Equations 

Let  u s  consider  a t  t i m e  t a medium composed of N3 = N .
J 

(t) n e u t r a l  

atoms of t h e  j spec ies  of N+ = NT (t) p o s i t i v e  ions,  of N: = N: (t)
j J J J 

negat ive ions,  and of N
E 

= NE (t)e l e c t r o n s  per  cm3 . I n  genera l  terms 

w e  can consider t h e  r e l a t i o n s  

( I V .  2) 

where we have taken i n t o  account t h e  fol lowing elementary processes:  

(1) f o r  r e l a t i o n  (1), appearance of  e l ec t rons  v i a :  

(a )  pho toe lec t r i c  i on iza t ion  whose c o e f f i c i e n t  i s  i
k 

(b)  pho toe lec t r i c  detachment of  e l ec t rons  from negat ive ions,  
c o e f f i c i e n t  dk 

( e )  molecular production ( r a d i a t i v e  or v i a  t r i p l e  c o l l i s i o n s )  
from negat ive ions and n e u t r a l  atoms, c o e f f i c i e n t  pk 

and disappearance of e l ec t rons  v ia :  

(a )  recombination of e l ec t rons  and p o s i t i v e  ions,  c o e f f i c i e n t  rk 

(b)  attachment of e l ec t rons  t o  n e u t r a l  atoms o r  molecules, coef
fi c i e n t  % 
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(2) f o r  r e l a t i o n  ( 2 ) ,  appearance of  p o s i t i v e  ions  v ia :  

pho toe lec t r i c  ion iza t ion ,  c o e f f i c i e n t  i
j 

and disappearance of p o s i t i v e  ions  v i a :  

(a) recombination of p o s i t i v e  ions  and e l ec t rons ,  c o e f f i c i e n t  r
j 

( b )  formation o f  n e u t r a l  molecules or atoms from p o s i t i v e  and 
negat ive ions,  c o e f f i c i e n t  fk 

(3) f o r  r e l a t i o n  ( 3 ) ,  appearance of negat ive ions  via:  

attachment of an e l e c t r o n  t o  an atom or t o  a n e u t r a l  molecule, 
coe f f i c i en t  a 

j 

and disappearance of negat ive ions  v ia :  

(a)  pho toe lec t r i c  detachment of t h e  e l ec t rons  of negat ive ions,  
c o e f f i c i e n t  d 

j 

(b)  molecular production from negat ive  ions  and n e u t r a l  atoms, 
c o e f f i c i e n t  pk 

( e )  formation o f  molecules or n e u t r a l  atoms from negat ive  and 
p o s i t i v e  ions,  c o e f f i c i e n t  fk 

These equat ions being formulated, we  now have t o  f ind  t h e  values  of 
t h e  var ious  c o e f f i c i e n t s .  To t h i s  end, w e  s h a l l  success ive ly  study t h e  
d i f f e r e n t  cases which may present  themselves and thus  e s t a b l i s h  t h e  re la
t i o n s  which w i l l  be immediately appl icable  t o  t h e  ionosphere. 

I n  order  t o  s impl i fy  t h e  nota t ion ,  w e  s h a l l  determine t h e  c o e f f i 
c i e n t s  s epa ra t e ly  f o r  each spec ies  j of atoms. Thus, w e  s h a l l  be  able 
t o  apply t h e  ca lcu la ted  Values immediately t o  equations. (V.1, 2 and 3) 
adapted t o  a s i n g l e  element. 

(IV.4) 


(1v.6) 




Sect ion 3. Coeff ic ien ts  Determinations 

W e  a r e  s t i l l  considering a medium composed of atoms of d i f f e r e n t  
spec ies ,  i n  p a r t i c u l a r ,  of N .J atoms of spec ies  j ,  and of NE e lec t rons  

per  cm3,whose temperature TE cha rac t e r i zes  t h e  Maxwellian v e l o c i t y  of 

t h e  e l ec t rons .  This  m e d i u m  w i l l  a l s o  conta in  p o s i t i v e  ions  l!f and nega
t i v e  ions N-. The gas i s  located i n  a r a d i a t i o n  f i e l d  corresponding t o  
t h e  d i l u t e d  r a d i a t i o n  of t h e  sun. The d e n s i t y  of  t h e  r a d i a t i o n  w i l l  be 
given (see  Chapter 11) by t h a t  of a black body of temperature TS 

6(X > 910 8) mult ip l ied  by t h e  geometrical  d i l u t i o n  f a c t o r  f3, = 3.4010-,
0 

or by t h e  dens i ty  of a black body of temperature TSE ( X <  910 8) m u l t i 
-12 . The numbers of quantap l ied  by t h e  d i l u t i o n  f a c t o r  B,, = 1.06-10 

reaching t h e  top of t h e  atmosphere a r e  deduced f o r  t h e s e  two cases,  
respec t ive ly ,  from r e l a t i o n s  (11.2) and (11.39) aetermined during t h e  
inves t iga t ion  of t h e  energy of s o l a r  r a d i a t i o n  ca r r i ed  out  i n  Chapter 11. 

A. E lec t ron  Production 

Case 1. Photoionizat ion,  c o e f f i c i e n t  i. 

L e t  u s  consider atoms of spec ies  j suscep t ib l e  of being ionized a t  
an a l t i t u d e  z i n  t h e  atmosphere. The r a d i a t i o n s  emitted by t h e  sun w i l l  
undergo an absorpt ion before a r r i v i n g  a t  t h e  poin t  where we are studying 
t h e  photoionizat ion.  Le t  T ( V )  be t h e  o p t i c a l  th ickness  f o r  a frequency 
v, defined by the  r e l a t i o n  

dr (v )  = 
N,Xj( v )  cls 

Sill 110 

where N .
J 

is  t h e  number of atoms per cm3, X ( V )  t h e  c o e f f i c i e n t  of atomic 

absorpt ion,  and sinh, t h e  s i n e  of t h e  angle  of he ight  of t h e  sun above 

t h e  horizon. We s h a l l ,  therefore ,  w r i t e  t h a t  t h e  number of processes of 
absorpt ion inducing ion iza t ion  i n  the  medium of spec ies  j ,  located a t  an 
a l t i t u d e  z i n  t h e  atmosphere, i s  

(1v.8) 
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where i, i s  t h e  ion iza t ion  c o e f f i c i e n t  a t  t h e  top  of t h e  atmosphere, or 

b e t t e r ,  a t  an a l t i t u d e  a t  which t h e  absorpt ion no longer  plays any p a r t .  
The atoms of spec ies  j w i l l  be ionized when acted upon by an absorbed 
energy, hv, which i s  g r e a t e r  than  hvo 

, j '  
t h e  ion iza t ion  p o t e n t i a l .  The 

excess energy h(v-vo 
,j

) w i l l  be converted i n t o  t h e  t r a n s l a t i o n a l  energy 
of t h e  e l e c t r o n  

1/2 mv2 = h(v-vo 
, j  

) 

I n  order  t o  c a l c u l a t e  t h e  number of absorpt ion processes inducing 
t h e  ion iza t ion  of atoms of spec ies  j ,  w e  m u s t  know t h e  p robab i l i t y  of 
absorpt ion from t h e  normal s t a t e  of t h e  n e u t r a l  atom t o  t h e  ionized 
atom. Assuming t h i s  value t o  be known, i n  t h e  case where t h e r e  i s  no 
absorpt ion between t h e  source and t h e  poin t  considered, we can express 

t h e  number of photoionizat ions per  cm5 per second f o r  t h e  atoms N
j 

i n  a 
frequency i n t e r v a l  dv  by 

( I V .  10) 

where 6 B./bv  i s  the  p r o b a b i l i t y  of photoionizat ion of t h e  s o l a r  r ad ia -
J 

t i o n  a t  t h e  poin t  under cons idera t ion .  

I n  t h e  frequency i n t e r v a l  v = o - v ~ , ~ ,t h e  number of i on iza t ion  
processes i s  equal  t o  

o r ,  from ( I I .~ ) ,  

(IV.11) 


J V0.j 

Introducing t h e  atomic absorpt ion c o e f f i c i e n t  

(IV.12) 




w e  w r i t e  equat ion (1v.11)as 

I n  order  t o  i n t e g r a t e  t h i s  expression (IV.l3), w e  m u s t  know t h e  l a w  
of  v a r i a t i o n  of  t h e  c o e f f i c i e n t  x . ( v )  as a func t ion  of t h e  frequency.

J 
I n  t h e  case of  a hydrogenlike atom, 

( I V .  14) 


For t h e  s ta tes  ‘S and 3S of helium, w e  have 

(v)  = constant.v-2 = c:V -2 
“ j  J 

For t h e  normal s ta te  of t h e  n i t rogen  atom, 

” j
(v)  = cons tan t ’v-I= C:V

J 
-1 (rv.16) 

I n  t h e  o the r  cases  where t h e  d i s t r i b u t i o n  of t h e  absorpt ion i s  
known and where it i s  impossible t o  determine a s i m p l e  l a w ,  an average 
value of X .  may be taken.  

J 
If xj(v) = C:v-’, equat ion ( I V . 1 3 )  i s  w r i t t e n  as 

J 

I n  order  t o  ca l cu la t e  conveniently t h e  i n t e g r a l  def ined i n  t h e  
second member, l e t  u s  set 



r 


99 


BY expanding (e" - 1)-1 in series, we find 

and the integrated expression (IV.17)is written, after setting 
hvo,j/kT = x, as 

(1v.18) 


If w.(v)  = C j ' v  -2 , we write (IV.13) in the form 
J 

where 


Whence, by integrating 


If 
j
(v) = C3 - v-1, we obtain the following formula for (IV.13) 
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or  

-1
By exapnding (ex - 1) i n  series, w e  f i n d  

J hVo. j /kT 

whence 

F ina l ly ,  i f  we t a k e  an average value w of x 
J
.(v ) ,  w e  w r i t e  (IV.13) as 

where 

J h v , ,  /I;T 

We see t h a t  i f  we t ake  (11.2) i n t o  account, we have 

(IV.21) 


where Q i s  t h e  number of quanta reaching t h e  t o p  of t h e  atmosphere. 
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I n  sho r t ,  expressions (1x18, 19, 20 and 21) provide t h e  values of 
t h e  i o n i z a t i o n  c o e f f i c i e n t ,  and thus  t h e  number of ionized atoms of a 

given spec ies  j p e r  second pe r  cm3 a s  a func t ion  of t h e  temperature T of 
t h e  sun, i n  t h e  case where t h e r e  i s  no absorption between t h e  source and 
t h e  po in t  under cons idera t ion .  

I n  t h e  case of absorption, we have, by v i r t u e  of ( I V . ~ ) ,  

i = i, e-T 

where T i s  given, on t h e  b a s i s  of ( I V . 7 ) ,  by 

Q 

where N = N0e -z/h ( c f .  111.38). 

Whence, f i n a l l y  

(IV.22) 

Applicat ions 

Oxygen molecule 

Observation of P r i c e  and Co l l in s  (Phys. Rev., 48, 714, 1935); coef

f i c i e n t  of absorp t ion  x = 1.72'10-17 t o  3.44-10-18, ca lcu la ted  by Bhar 
( Indian  J. of Phys., 12,363, 1938). This case w i l l  not be considered, 
s ince  t h e  usable  s o l a r  energy has been absorbed by 0 and N i n  t h e  upper
l a y e r s  (see Chapter V) . 
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Weak absorpt ion,  no t  y e t  observed, f o r  which Mitra ,  Bhar and Ghosh 

-21
( Indian  J. of Phys., 12, 455,1958) have chosen x = 10 . 

0
System of bands which, beginning a t  1,019 A, a r e  i n  t h e  pre ioniza

t i o n  region.  The absorpt ion of t h e s e  bands i s  f i v e  t i m e s  g r e a t e r  than  

i n  t h e  d i s s o c i a t i o n  continuum a t  h 1,750 8. K is then  assumed t o  be 

For t h e  oxygen molecule, w e  apply r e l a t i o n  (IV.21) and ob ta in  (see 
Table  1) 

-1-7 2.8*10-7if TS = 6 , 0 0 0 ~ ~  
(IV.24)0i, (1000<h<910 A) = 4-10 .Q = 

7.2'10-8 i f  TS = =j,740°K 

0
NOTE. The hydrogen l i n e s  L, ( h  972.55 A) and Ls ( h  930.768) are 

absorbed by t h e  pre ioniza t ion  bands of  O2 observed by Takamine and Suga 

(Sc ien t .  Papers I n s t .  Phys. Chem. R e s . ,  29, 213, 1936). 

Nitrogen molecule 

(1) N, + hv (A < 661 A) -+N$ + E. 
Observation of Hopfield (Phys. Rev., 36, 789, 1930) and Takamine, 

Suga and Tanaka (Scient .  Papers I n s t .  Phys. Chem. Res., 34, 843, 1938).
A f e w  t e n t h s  of one mm a t  standard pressure  i n d i c a t e  t h e  absorpt ion of 
t h e  continuum. Bhar ( Indian  J. of Phys., 12, 363, 1938) assumes t h a t  

X =  9.67.10-18 o r  1.94.10-18. See Wulf and Deming ( T e r r .  Magn., 43, 283, 

1938). xmay then  be assumed t o  be em 2. 



Absorption observed by Worley and Jenkins (Phys. Rev., 54, 305, 
1938) which appears weaker than  t h a t  of the  preceding continuum. IE 

t h i s  case, x i s  assumed t o  be 10-18 . 

Formula ( I V .  21) i s  appl icable  where Q i s  provided by r e l a t i o n  
(11.39) and i n  Figure 11. W e  thus obta in  

i, ( A  < 661 8) = 10-17*2.24.10 7 = 2.24*10-10 
1 

( I V .  25) 

i, ( X <  795 8) = 10-18 .3.4.10 8 = 3.4'10 -10 (1x26) 

Oxygen atom 
0 + h v  (1. < 910 A )  = 0-+4- E. 

Coeff ic ien t  ca lcu la ted  by Bates (Monthly Notices, 100, 25, 1939). 

x(v0)  = 1.4.10-17. Var ia t ion  wi th  frequency given i n  Figure 13. Appli

ca t ion  of r e l a t i o n  (IV.21),  where x =  1.45-10-17 and Q,  deduced from 

formula (11.42) or from corresponding Figure 11, i s  1.79.10 9 , gives  

i, ( X  < 910 8) = 2.6.10- 8 
( I V .  27) 

It i s  t o  be noted a t  t h i s  po in t  t h a t  t h i s  value of i, corresponds 

t o  the  minimum of s o l a r  a c t i v i t y .  Rela t ion  (11.39) i s  deduced, i n  t h e  
f i n a l  ana lys i s ,  from t h e  observat ional  resul ts  obtained during the  
e c l i p s e  of 1932. For t h e  value during a solar a c t i v i t y  m a x i m u m ,  t h e  
va lue  of i, (IV.27) may be mul t ip l ied  by 3. Hence, 

i, (X< 910 8) = 7-8 -10-8 (IV. 28) 

'It i s  t o  be noted t h a t  t h i s  continuum i s  i n  t h e  region of X 584 2 of 

helium, where Q < lo9 quanta. 

t
Bb 
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Nitrogen atom 

Coef f i c i en t  ca lcu la ted  by Bates  (Monthly Notices, 100, 25, 1939), 

~ ( v , )  = 2 . 8 . 1 0 - ~ ~ .  From t h e  curve t raced  by Bates ,  w e  deduce t h e  f o l 

lowing l a w  

X ( V )  = 7.76'10 -2  
- V  
-1 

Hence, t h e  app l i ca t ion  of formula (IV.20) wi th  T = TSE = 12,0OO0K 

and pSE = 1.06.10-12 g ives  t h e  following results 

i- (A,< 850 8)= 1.6'10
-8 

Helium atom 

For t h e  s t a t e s  of helium, we deduce from t h e  t h e o r e t i c a l  results 
of V i n t i  (Phys. Rev., 44, 524, 1933) and Goldberg (Ap. J., 90, 414, 
1939) t h e  following values  of t h e  absorp t ion  c o e f f i c i e n t s :  

For t he  S states, r e l a t i o n  ( I V . 1 9 )  a p p l i e s  and w e  have 

-12
with  T. = 12,000°K and B,, = 1.06.10 .

SE 
If TS = 5,74OoK and Bs = 5.4.10 

-6 , 



i, ( h  < 2,600 8)= 1.11*10-* 

For t he  P s t a t e s ,  r e l a t i o n  (rv.18) g ives  t h e  values of i, 

i, (1< 3,421 8) = 3.44.10-2 

i, ( A  < 3,678 8) = 3.06.10-2 

Case 2. Photodetachment, c o e f f i c i e n t  d .  

The mechanism of photodetachment corresponds t o  the  mechanism of 
photoionization. We can, t he re fo re ,  repeat t h e  same reasoning a s  t h a t  
used fox t h e  d e r i v a t i o n  of equations (IV.10 f f . ) .  We can, t he re fo re ,  
w r i t e  

and by i n t e g r a t i n g  ( c f .  IV.21), a f t e r  adopting an average value w f o r  
x(v> 

N- d = N - x Q  

Application. I n  t h e  upper atmosphere, t h e  most abundant nega t ive  

ions w i l l  be 0- and 0;. Unfortunately,  it i s  impossible t o  determine a 

s u f f i c i e n t l y  accura te  value of t h e  energy of photodetachment. An appro
ximate value may be determined i n  accordance wi th  Massey (Proc. Roy. SOC. 
London, 163, 542, 1937). I n  addi t ion ,  l e t  u s  no te  t h a t  t h e  spectrum of 
a negative ion  has never been observed. 

~ .-Case 3. Detachment._by c o l l i s i o n ,  c o e f f i c i e n t  p .  

I n  t h e  atmosphere, t h e  detachment of e l e c t r o n s  by c o l l i s i o n  i s  pos
s i b l e  because t h e  energy of detachment i s  r e l a t i v e l y  l o w .  I n  h i s  s tudy  
of t h e  mechanisms of nega t ive  ions,  Massey (Negative Ions,  Cambridge, 
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1938) po in t s  ou t  t h a t  t h e  detachment by c o l l i s i o n s  occurs  according t o  
t h e  process 

It is ,  the re fo re ,  necessary t o  determine t h e  number 9Z (A-, 13) of 

double c o l l i s i o n s  ( k i n e t i c  c o l l i s i o n s )  of a nega t ive  ion  A- wi th  a neu

t r a l  p a r t i c l e  B, and t o  know t h e  p robab i l i t y  "(A-, B) of molecular pro
duct ion  AI3 during t h e  k i n e t i c  c o l l i s i o n .  W e  immediately f ind  from 
(111.49) 

p j A ' T j  G 1) N-(A)N(B)  EX (A-- ,  E) o(A.-,I:) 

Applicat ions.  L e t  u s  consider  

0- + 0 4 0 2  + 

-8For t h i s  reac t ion ,  where 0 = 1.204-10 cm i s  t h e  molecular diameter  

of O2 i n  t h e  normal s t a t e  and T = 300°K, w e  ob ta in  from (m.36) 

p = 2.10-16 (IV.37) 

i f  we adopt t h e  value given by Massey (Negative Ions, Cambridge, 1938) 

f o r  w(A- ,  B) = 10-5 . 
The same conclusions apply t o  N and N2. 

B. Disappearance of Elec t rons  

~ . -Case 1. Rad ia t ive  recombination, c o e f f i c i e n t  r. 

I n  order  t o  determine t h e  number of processes of  r a d i a t i v e  recom
bina t ion ,  we m u s t  know t h e  emission c o e f f i c i e n t  

n j  
f o r  every quantum 

s ta te  n. However, t h e r e  i s  a p o s s i b i l i t y  of r e l a t i n g  y with  w by
n j  n j  



- 

considering Einstein's relations between the atomic absorption and emis

sion applied to the continuum of the series. According to Milne (Ref. 

72)  and Roseland (Ref. 73), the following expression is obtained by set
ting Y nj - vqnj, where qnj 

is the capture cross section: 

where q
nj 

and q
cj 

are the statistical weights of the n state and of the 


continuous state for species j and where v is the velocity of the elec
tron related to the frequency v by relation (IV.9). 

If now dNE denotes the number of electrons (per em3) whose veloci

ties are comprised between v and v + dv, we can write that the number 

of recombinations 9 per em3 per second in the n state of species j is 
equal to nj 

where vq
nj 

is the coefficient of spontaneous recombination, and where 


the term in brackets corresponds to the effect of the induced emission. 

In the atmosphere, the induced emission being negligible in the presence 

of the spontaneous emission, we shall disregard it below. 


The number of electrons d N
E 
is given by the formula expressing the 

law of statistical distribution 


(IV.40) 


Equation (IV.39) is then written, account being taken of (IV.9, 38 

and 40), as 
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By integrating for all the values of v, or of Y on the basis of 
(IV.g), and summing for all the states, 

(IV.42) 


J Vo.nj 

In order to integrate this expression we must know the law of 

variation of n(v). 


If x,J(v,) = Cnj X r3,we obtain 


and expression (IV.42) is then written 


If Y , ~ ~ ( v )r= CIlj x r2, we similarly find 

Hence, the integrated expression (IV.42) gives the following 

result: 


(IV.44) 




If %j(v) = Cuj X v--', w e  ob ta in  

Hence, we w r i t e  t h e  in t eg ra t ed  expression (IV.42) i n  the  form 

Fina l ly ,  i f  w e  can apply t h e  mean value theorem by consider ing a 
mean value 

n j  
f o r  w 

n j  
(v) ,  we have 

and hence, ( I V .  42), 

Applicat ions.  The c o e f f i c i e n t  w
n j  

(v) do not  follow t h e  same l a w  as 

a func t ion  of t h e  frequency. Whereas f o r  hydrogen Y 
n j  

(v)  i s  always pro

por t iona l  t o  v - ~ ,t h e  o the r  atoms exh ib i t  d i f f e r e n t  behaviors according 
t o  t h e i r  s t a t e s .  The normal s t a t e  i s  never hydrogenlike, whereas t h e  
higher  s t a t e s  r a p i d l y  become hydrogenlike. 

Hydrogen 

Rela t ion  ( I V . 4 3 )  i s  appl icable  where g
n j  

= 2n2 (n  = 1, 2) and g
c j  

= 
1. Morevoer, s ince  



110 


For TE = 300°K, w e  have summarized i n  t h e  following t a b l e  t h e  
values of 

Hence, the  recombination coe f f i c i en t  of hydrogen, with TE = 300°K, 
is 

rH = 4.5-10 -12 ( I V .  47) 

Oxygen 

For t he  i n i t i a l  s t a t e  2p, expression (1v.46) i s  used and 

-12
r (2p )  = 0.56.10 

For t he  higher  s t a t e s  considered t o  be hydrogenlike, wi th  n = 4 
t o  50, 
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Whence 

(IV.48) 


Nitrogen 

For t h e  i n i t i a l  s t a t e  2p, expression (IV.45) gives  

r(2p) = 0.32.10-12 


The higher s t a t e s  a r e  also considered t o  be hydrogenlike and hence 


50 
rN = r ( 2 p )  4- rll = 2.M X 10--12 

n=4 

Helium 

For t h e  S states, w e  m u s t  consider (IV.44), and we ob ta in  

r(23SI = 1.10-~3 (IV.51) 

-14 
r(2lS) = 2.96.10 (IV.52) 

For t h e  P s t a t e s ,  expression (IV.43) app l i e s ;  whence 

r ( 2 3 ~ )= 1.01*10-'~ (IV.53) 

r(21P) = 1.8*10-14 (Iv.54) 

Considering t h e  hydrogenlike atom f o r  t h e  h igher  s t a t e s  with n = 3 
t o  50 
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Fina l ly ,  (IV.50 t o  55), 

-12 
r = 4.56010He 

Molecules. Since it i s  impossible t o  determine t h e  recombination 
i n  t h e  var ious  states i n  t h e  case of molecules, w e  pos tu l a t e  a value of 
t h e  recombination of  t h e  same order  of magnitude as t h a t  of t h e  atoms. 
Hence, 

r = r  = 2-10-12 
02 N2 

Case 2. Attachment of e lec t rons ,  c o e f f i c i e n t  a. 

The r a d i a t i v e  attachement process i s  t h e  reverse  of t h e  photo-
detachment process  and thus  corresponds t o  t h e  mechanism of r a d i a t i v e  
recombination. Rela t ion  ( I V .  46) may be appl ied m u t a t j s  mutandis 

Application. Rela t ion  (1v.58) can only be appl ied i f  t h e  exac t  
value of t h e  energy of detachment i s  known. I n  t h e  absence of t h i s  
value,  one can assume wi th  Massey (Negative Ions,  Cambridge, 1938) a 

p robab i l i t y  of t h e  o rde r  of 7-10-6 per  k i n e t i c  c o l l i s i o n  between an e l e c 
t r o n  and an atom. We then  have f o r  

0 + a+O- + hv, 



C .  Disappearance of Negative and Pos i t i ve  Ions 

Co l l i s ions  between negat ive ions  and pos i t i ve  ions ,  coe f f i c i en t  f .  

A p r i o r i ,  t h e  elementary mechanisms a r e  t h e  following: 

(1) A double r a d i a t i v e  c o l l i s i o n  between a negat ive ion A- and a 
pos i t i ve  ion B+ produces a molecular formation AB according t o  t h e  
equation 

A- + B+-bAB + hv 

( 2 )  A t r i p l e  c o l l i s i o n  between t h e  ions and a t h i r d  p a r t i c l e  M 
which in te rvenes  f o r  t h e  conservation of energy. 

(3) A double c o l l i s i o n  causing a t ransformation of t h e  ion iza t ion  
energy i n t o  e x c i t a t i o n  of t h e  atoms 

A- + B++A* + B* (exc i ted  atoms) 

w i t h  A*+A + hv 

B*+B + hv 

I n  t h e  case of double c o l l i s i o n s ,  it i s  necessary t o  determine t h e  
number of k i n e t i c  c o l l i s i o n s  of a negative ion A- and a p o s i t i v e  ion  B+ 
and t o  know t h e  p r o b a b i l i t y  of molecular formation and of formation of 
n e u t r a l  atoms. A formula analogous t o  (1v.36) resu l t s  immediately. 
Hence, t h e  most important mechanism w i l l  be t h a t  whose p robab i l i t y  of 
formation of a molecule or of' n e u t r a l  atoms during t h e  c o l l i s i o n  w i l l  be 
t h e  g r e a t e s t .  

A s  far  a s  t r i p l e  c o l l i s i o n s  of charged p a r t i c l e s  a r e  concerned, 
J. J. Thomson's formula (Ref. 74) permits an immediate app l i ca t ion .  

Applicat ions.  Among t h e  var ious r eac t ions  i n  t h e  upper atmosphere, 
w e  should r e t a i n  t h a t  which involves an oxygen molecule 

0- + o$+o + o2 

whose p robab i l i t y  during a k i n e t i c  c o l l i s i o n  w i l l  be of t h e  order  of 
un i ty .  It fol lows t h a t  t h i s  r eac t ion  alone should be r e t a ined  t o  a f i r s t  
approximation, and we the re fo re  ob ta in  f o r  t h e  value of t h e  c o e f f i c i e n t  f 

f = 2.10 -11. (IV. 60) 
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A s  f a r  a s  reac t ions  such a s  

0- + o+-0 + 0 
(IV. 61) 

0- + &-bo + N 

a r e  concerned, a lower p robab i l i t y  should be assumed. The e x c i t a t i o n  

p o t e n t i a l  of 0 (33P) i s  equal  t o  10.69 eV. This value i s  g r e a t e r  by 
0.20 -!0.08 e V  than t h e  d i f f e rence  between t h e  ionizat ior l  p o t e n t i a l
(13.56 eV) and t h e  a f f i n i t y  (3.07 -!0.08 eV) of 01. T$e d i f fe rence ,
11.42 f 0.08 eV between t h e  ion iza t ion  p o t e n t i a l  of N I  (14.49 eV) and 
the  a f f i n i t y  of 01 i s  lower than  the  e x c i t a t i o n  p o t e n t i a l  of t h e  c loses t  

excited s t a t e ,  3pzS1/2, of N I .  

b e t t e r  if  one considers t h e  reac t ion  

However, t h e  agreement i n  resonance i s  

0- + N++N(~D) + o(35s) (IV. 62) 

where t h e  d i f f e rence  between t h e  ion iza t ion  p o t e n t i a l  and t h e  a f f i n i t y  
(11.42 f 0.08 eV)  does not d i f f e r  very much from t h e  sum of t he  exc i t a 

t i o n  p o t e n t i a l s  of N(%) and O ( 35S): 2.37 + 9.11 = 11.48 eV.  

A s  f a r  a s  t h e  e f f e c t  of t h e  mechanism 

0- + $+N2(excited) + O(lS) ( I V .  631 

i s  concerned, it should be important i n  the  production of t h e  l i g h t  of 
t h e  n ight  sky, but  does not  seem t o  immediately a f f e c t  t h e  ion iza t ion  
s t a t e .  



--- 

CHAPTER V. PHYSICAL INTERPRETATION OF THE IONOSPHERE 


Section 1. Introduction 


The elements necessary for a physical interpretation of the iono
sphere, which result both f r o m  data provided by obseryations (Chapter I) 
and from results obtained on the solar emission (Chapter 11) on the 
structure and composition of the atmosphere (Chapter 111) and on the 
state of ionization (Chapter IV), are now known through the study which 
we carried out in the preceding chapters. It will be remembered that 
the characteristic results of systematic observation of the various 
regions of the ionosphere should be interpreted by the ionization equi
librium. This equilibrium is due to the photoionization by the solar 
radiations and to the disappearance of electrons as a result of elemen
tary mechanisms within the physical medium of the upper atmosphere 
(h > 9 O  km). Consequently, we can proceed from this basis to a theo
retical study of the ionosphere, which will lead to an interpretation 
of the principal phenomena observed. 

Section 2. Formation of an Ionized Region 


The general ionization equations (111.1,2 and 3), applied to a 

given element of the upper atmosphere, may be written, by removing the 

species index, 


( ;2 --= Ni + x-(2 + p N x - aSS, - ,.N+N, 

Let us recall at this point the meaning of the various symbols used 
(cf. Chapter IV, p .  94); N, If, N- and N

E represent respectively the 

concentrations of neutral atoms or molecules, positive ions, negative 
ions and electrons; i is the ionization coefficient; d is the coeffi
cient of photodetachment; a is the coefficient of radiative attachment; 
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p i s  t h e  c o e f f i c i e n t  of detachment by c o l l i s i o n ;  r and f are, respec
t i v e l y ,  t h e  c o e f f i c i e n t s  of spontaneous recombination of e lec t rons  and 
negat ive  ions wi th  p o s i t i v e  ions.  

Since t h e  ionospheric  medium i s  assumed t o  be e l e c t r i c a l l y  neu t r a l ,  
it i s  postulated t h a t  t h e  number of p o s i t i v e  charges i s  equal  t o  t h e  
number of negat ive charges,  

@ = N- = NE (v.4) 

and equat ions (V.1, 2 and 3) are not  independent, s ince ,  (V .4 ) ,  

I n  equations ( V . 1 ,  2 and 3), a p a r t  of t h e  terms i s  due t o  t h e  ab
sorp t ion  of s o l a r  energy, while t he  o the r  p a r t  i s  due t o  elementary 
mechanisms a f f e c t i n g  t h e  n e u t r a l  and charged p a r t i c l e s  wi th in  t h e  upper  
atmosphere. It i s  necessary t o  consider t h e  d i s t r i b u t i o n  of t h e  ab
sorbed energy which causes t h e  ion iza t ion  of n e u t r a l  atoms, and t o  de
termine the  processes of recombination and attachement which are t h e  
cause of  t h e  disappearance of e lec t rons .  Hence, it i s  poss ib le  t o  in
ves t iga t e  t h e  condi t ions under which an ionized reg ion  can be  formed, 
i . e . ,  under what condi t ions  a m a x i m u m  of t h e  e l e c t r o n  concentrat ion 
e x i s t s  a t  a f i x e d  a l t i t u d e .  

To t h i s  end, l e t  US consider  t h e  s t a t i o n a r y  s ta te  where we have 

Furthermore, l e t  u s  set 

x-
U . G - > O  (v.7)XE 

whence, (V.b) ,  

From (V.6, 7 and 7 ' ) ,  account being taken of (TV.22), t h e  i n i t i a l  
equations (V.1, 2 and 3) assume t h e  form 



(v. 9 )  

(v. lo) 

Equation (V.9) immediately g ives  t h e  expression f o r  NE 

NE = 1!- ( r ;  Z/f) (1 + 1 0  

(v. 11) 

where t h e  numerator corresponds t o  t h e  e l e c t r o n  production by photoioni
za t ion  and where t h e  denominator r ep resen t s  t h e  recombination c o e f f i c i e n t  

a E (r  4- 2 t . f )  ( 1 + IC) (v. 12) 

I n  order  t o  determine t h e  condition of formation of an ionized r e 
gion, we have t o  express t h e  condition of an e l e c t r o n  concent ra t ion  m a x i 
mum a t  a l t i t u d e  z .  Since t h e  molecular concentration a t  a l t i t u d e  z i s  
given by relat i -on (111.38) 

N = N  e -z/h , 
0 

we can rep lace  t h e  independent v a r i a b l e  z b?. N. Hence, we s h a l l  d i f f e r 
e n t i a t e  expression (v.8) wi th  r e spec t  t o  N. W e  ob ta in ,  ( ~ . 8 ) ,  

S imi la r ly ,  by d i f f e r e n t i a t i n g  equation ( V . 1 0 )  w i th  r e spec t  t o  N, 
we ob ta in  t h e  expression 

art u -prt = [d  + p N  + f (1  + 2a)NE]d~ 
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which, introduced i n t o  t h e  preceding r e l a t i o n ,  y i e l d s  

X ~ L N  d u 
ia e sinlig (1--) = - [ r  3- (1 + 2u)f'ls;
sinlha d N  


Taking (V.9)  i n t o  account, t h e  l a t t e r  equat ion i s  w r i t t e n  as 

This  i s  t h e  genera l  expression providing t h e  condi t ion of a m a x i m u m  
i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  e l e c t r o n  concentrat ion,  an expres
s ion  which, i nc iden ta l ly ,  resu l t s  immediately from (V.11) by cance l la 
t i o n  of t h e  d e r i v a t i v e  wi th  respec t  t o  N. 

Le t  u s  now determine under what condi t ions (V.14) i s  p r a c t i c a l l y  
v e r i f i e d .  To t h i s  end, w e  have t o  f ind  t h e  va lues  of u which s a t i s f y  
t h i s  equat ion.  Equation (V.10) may be w r i t t e n  i n  t h e  form 

aN 
tc = px + (1 + f ( 1  + 2L)SC 

or  

and, by d i f f e r e n t i a t i n g  wi th  r e spec t  t o  N, 

du a-p1)u
- =  

d A' p N  f d + f(1+ %)NE 


where w e  note  immediately t h a t  t h e  terms of t h e  denominator involve t h e  
t h r e e  c o e f f i c i e n t s  d ,  p and f ,  corresponding t o  t h e  var ious  processes of 
disappearance of  t h e  negat ive ions.  

L e t  u s  consider  t h e  poss ib l e  cases,  a p r i o r i ,  i n  o rde r  t o  deduce t h e  
p r a c t i c a l  condi t ions of formation of t h e  ionized regions.  



Case 1. Le t  u s  assume t h a t  i n  equat ion (V.16) 

a - p u = O  

SO t h a t  

Condition (V.17) w i l l  be m e t  i n  (V.13) when 

p N  > d + (1 + 2C)fXE 

i . e . ,  when t h e  l a s t  two terms i n  t h e  denominator of (V.15) can be 
neglected i n  t h e  presence of pN. 

Taking (v.18) i n t o  account i n  expression (V.14), from t h e  condi
t i o n  of a m a x i m u m  of  t h e  e l ec t ron  concentrat ion,  w e  immediately ob ta in  
t h e  formula 

(v.20) 


This l a s t  expression (V.20) def ines  t h e  condi t ion of t h e  m a x i m u m  
of e l ec t ron  production by photoionizat ion.  Indeed, by cance l l ing  the 
de r iva t ive  wi th  r e spec t  t o  N of ( c f .  IV.22 and V.9) 

(v.21) 


represent ing  the  e l e c t r o n  production by photoionizat ion,  w e  ob ta in  t h e  
condi t ion (V.20) of t h e  m a x i m u m .  

Consequently, t h e  formation of an ionized reg ion  i s  poss ib l e  i n  t h e  
case (V.17 and 19)where t h e  r a t i o  u of nega t ive  ions  t o  e l ec t rons  i s  
determined by t h e  process  of c o l l i s i o n  wi th  n e u t r a l  p a r t i c l e s .  Such a n  
ionospheric region i s  charac te r ized  by a m a x i m u m  e l e c t r o n  concent ra t ion  
a t  t h e  l e v e l  of m a x i m u m  production by photoionizat ion.  Furthermore, t h e  
e f f ec t ive  recombination c o e f f i c i e n t  i s  g iven  by, (V.12 and l7), 

a = - (v.22) 
* (a+ p )  (CLf + r p )
P' 
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Fina l ly ,  from (V.20), w e  deduce for (V.ll) 

where t h e  value of (I! i s  given by (V.22) and e i s  the  base of n a t u r a l  
logarithms. 

Case 2. Assuming t h a t  r e l a t i o n  (V.17) i s  r ea l i zed ,  we ob ta in  from 
t h e  p r a c t i c a l  s tandpoint  t he  l a r g e s t  Value of u 

s ince,  (v.I~'), 

If we assume t h a t  condi t ion (V.17) i s  not  r ea l i zed ,  we m u s t  w r i t e  

P U <  a (V.24) 

Then, (v.16), 

s ince  pu may be neglected i n  t h e  presence of a. 

Two subcases are poss ib le :  

(v.26) 

and hence, (V.25 and l?), t h e  approximate r e l a t i o n s  

(v. 27) 

(v.28) 
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Expression (V.14) i s  w r i t t e n  t o  an acceptable approximation, (V.25), 
based on (V.27 and 28), as 

Since t h e  f i r s t  member of (V.29) i s  always pos i t i ve ,  one m u s t  have, 
i n  t h e  case of a m a x i m u m  of NE' 

where u2< -r = 0.1,
f 

since,  (IV.57 and 6 0 ) ,  r = 2'10 
-12

and f = 2-10 -11 . 
I n  t h i s  case, we immediately v e r i f y  t h e  f a c t  t h a t  t he  e f f e c t i v e  re

combination c o e f f i c i e n t ,  (V. 12), i s  

Moreover, i f  i n  expression (V.29) t h e  terms u f  and u 2f a r e  neg l i 
g i b l e  compared t o  r, we have 

and 

xhN - 1 
sinh 

This l a s t  expression de f ines  t h e  condition (V.20) of t h e  maximum 
for t h e  e l e c t r o n  production by photoionization. 

Consequently, t h e  formation of an ionized region i s  poss ib l e  i n  
t h e  case (condi t ion  v.26) where photodetachment i s  t h e  main process 
respons ib le  f o r  t h e  disappearance of negative ions.  The p rope r t i e s  of 
such a region would be a s  follows: 

(1) I n  a reg ion  ( r e l a t i o n  V.31) where t h e  l e v e l  of t h e  maximum 
e l e c t r o n  concent ra t ion  corresponds t o  t h a t  of t h e  production by photo-
ion iza t ion ,  t h e  r a t i o  u of t h e  concentrations of nega t ive  ions t o  
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e lec t rons  i s  n e g l i g i b l e  i n  t h e  expression (V.22) of t h e  e f f e c t i v e  recom
b ina t ion  c o e f f i c i e n t .  Hence, t h e  c o e f f i c i e n t  of spontaneous recombina

t i o n ,  r = 2*10-12,i s  t h e  e f f e c t i v e  value o f  t h e  coe f f i c i en t ,  and (V.ll) 
i s  w r i t t e n  as 

and f i n a l l y ,  (V.20 and 21), 

(e = 2,718) 

(2) I n  a region ( r e l a t i o n s  V.29 and 30) where t h e  l e v e l  of t h e  
maximum e l e c t r o n  concentrat ion i s  a t  an a l t i t u d e  exceeding t h a t  of t h e  
production by photoionizat ion,  t h e  r a t i o  u cannot surpass  a value equal  
t o  0.1. Hence, t h e  e f f e c t i v e  recombination c o e f f i c i e n t  w i l l  not  be able 

t o  reach a va lue  equal  t o  10-11. 
(b)  L e t  (1 + U)jN > d + p N  (v.33) 

so t h a t  we  have, t o  an exce l l en t  approximation, ( V . l 5 ) ,  

aN u =  
(1 + U)fNE (v.34) 

and, (V.25), 

d 14 aN u(1 + u) (v.35)N - =  
(1 -k 2ic)fN, 

--
1 + 2udl\' 

Taking (V.34) i n t o  account i n  (V.l4), w e  immediately have 



- -  

o r  

or, in another form, on the basis of ( V . 1 2 )  

r.7t.N r(2f.+ 1)"- =  
sinhg at1 + 9tr) (v.36 I f> 

These formulas (v.36) give in various forms the expression for the 
condition of a maximum electron concentration in the case where condi
tion (V.33) is realized. In this case, the altitude of the maximum 
electron concentration is situated appreciably above the maximum alti
tude of the electron production. 

In order to obtain the expression of this maximum electron concen


tration, let us reconsider equation (V.l3), where we replace -	" and 
b N  

the term between parentheses in the first member by their respective 
values (V.34 and 36). After immediate simplifications, we obtain the 
relation 

Since f = 2-10-11 and r = 2*10-12, we then have, for a value of 
u > 1, the approximate relation 

x h N  
sinha I (v. 38)  

which gives the value of the m&imum electron concentration at an alti

tude greater than that of the production. 


The theoretical laws of the formation of an ionized region being 

determined, let us now return to the experimental laws deduced from the 

observations exposed in Chapter I. 


I D. 
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We have seen t h a t  t h e  m a x i m u m  e l e c t r o n  concent ra t ion  of t h e  E and 
F1 regions obeys t h e  l a w ,  (I.l), 

-8
and t h a t  t h e  e f f e c t i v e  recombination c o e f f i c i e n t  i s  g r e a t e r  than 10 . 
I n  t h e  F

2 
region, t h e  l a w  (V.39) does not  apply, and t h e  recombination 

coe f f i c i en t  i s  genera l ly  comprised between 10-l' and 

A comparison of  t hese  experimental  results wi th  t h e  above t h e o r e t i 
c a l  resul ts  thus  makes it poss ib le  t o  determine which among t h e  cases  
s tudied apply t o  t h e  var ious  regions.  Rela t ions  (V.20, 22 and 23), which 
de f ine  an ionized region where t h e  m a x i m u m  e l e c t r o n  concentrat ion i s  
s i t u a t e d  a t  t h e  l e v e l  of  t h e  m a x i m u m  e l e c t r o n  production by photoioniza
t ion ,  should be appl ied t o  t h e  E and F1 regions.  A s  far  as t h e  F2 re

gion i s  concerned, the  only  p o s s i b i l i t y  of i n t e r p r e t a t i o n  i s  provided 
by t h e  case 2b s tudied ( r e l a t i o n s  V.34 t o  38) where tkie m a x i m u m  e l ec t ron  
concentrat ion i s  s i t u a t e d  a t  an a l t i t u d e  g r e a t e r  than  t h a t  of t h e  pro
duct ion  m a x i m u m .  

Sec t ion  3. Origin of t h e  Ionospheric Regions 

The search f o r  t h e  o r i g i n  of t h e  var ious ionized regions poses both  
t h e  problem of  absorpt ion of s o l a r  energy and of i t s  v e r t i c a l  d i s t r i b u 
t i o n ,  r e l a t ed  t o  t h e  composition of t h e  upper atmosphere. I n  Figure 15, 
w e  have co l lec ted  t h e  var ious  da t a  concerning s o l a r  emission (determina
t i o n  made i n  Chapter 11, T a b l e  1, and Figure ll), and t h e  absorpt ion 
c o e f f i c i e n t s  ( ca l cu la t ions  of Chapter I V ,  Case 1) of t h e  var ious atmos
pheric  cons t i t uen t s  ( s t u d i e s  made i n  Chapter 111). We immediately f i n d  
t h a t  t h e  ion iza t ion  of atomic oxygen (0), atomic n i t rogen  (N) and mole
cu la r  n i t rogen  (N2) and helium (He) r e su l t s  from t h e  r a d i a t i o n  of X < 

0
9lO A, corresponding t o  t h e  ion iza t ion  p o t e n t i a l  of  hydrogen. Hence, 
on t h e  b a s i s  of t h e  conclusions of  Chapter 11, we m u s t  assume t h a t  ion
i z a t i o n  of t hese  cons t i t uen t s  i s  due t o  t h e  emission of  chromospheric 
r ad ia t ion .  Molecular oxygen (Op) and t h e  compounds NO and NO+ are sub

jec ted  t o  t h e  r a d i a t i o n  of h >910 8. On t h e  o t h e r  hand, w e  have shown i n  
Chapter I11 t h a t  O2 and NO cha rac t e r i ze  s o l e l y  t h e  region of t h e  E l aye r ,  

whereas t h e  o the r  cons t i t uen t s  0, N, N2 and He are present  i n  t h e  whole 

upper atmosphere. Hence, t h e  chromospheric r a d i a t i v e  energy of A < 910 2 
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Figure 15 

wi 1 be a-sorbe by these latter elements. The absorption cau ?d by 0, 
N (see below) is total at an altitude greater than that of the E region, 
so that the O2 molecule cannot be subjected to photoionization via ab

0
-sorptionin the continuum at A <  765 A. Thus, two absorption regions 
in the upper atmosphere correspond to the two regions of solar emission 

at X <  or > 910 i. 
In the preceding section, we have shown that if only one element 

is considered, the E and F1 regions were defined, among others, by relation (v.20) 
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(V.40) 


where x i s  an average value of t he  absorpt ion c o e f f i c i e n t ,  h i s  t h e  
r a t i o n  of logari thmic decrease of t h e  molecular concentrat ion,  and N 
o r  NM i s  t h e  molecular concentrat ion a t  t h e  l e v e l  o f  m a x i m u m  absorpt ion,  

0
depending on whether ha i s  smaller  than  o r  equal  t o  90 . 

The F Regions 

For t h e  upper reg ions  of t h e  ionosphere, observat ion (Appleton, 
R e f .  74; Peker i s ,  R e f .  75) gives  values  from 30 t o  40 km for an iono
spher ic  he igh t  s c a l e  which w e  compare t o  t h e  r a t e  o f  logar i thmic  de
c rease  h of t h e  molecular concentrat ion.  Moreover, i f '  we consider  t h e  
average values  of t he  absorpt ion c o e f f i c i e n t s  (see Figure 15) of 0, N, 
N

2 
and He, we  o b t a i n  t h e  following resul ts  by applying formula (V.40). 

For oxygen, if x =  1.45'10-'7, w e  w r i t e  

o r  

whence 
NM ( 0 )  = 1.7 to 2.3'10 

10 
(V.40a) 

S imi la r ly ,  f o r  atomic n i t rogen ,  when x =  1.75-10-17,w e  have 

NM (N) = 1.4to 1.9.1010 (V.40b) 

I n  t h e  same manner, f o r  molecular n i t rogen  when X =  10-l7, we 
f ind  

NM(N2) = 3.3*2.5-lO1O (V. 40c) 

-18
and if  x = 10 

11
NM(N2) = 3.3'2.5 '10 (V.40d) 



Fina l ly ,  f o r  helium, when w =  8.10-18,we obta in  

10
N
M 

(He) = 3.1 t o  5.10 (V. 40f)  

These r e l a t i o n s  (V.40a t o  f )  determine the  numbers of atoms or 

molecules (per  em3) a t  the  l e v e l  of maximum photoionizat ion i n  t h e  case 
where only one element subjected t o  ion iza t ion  i s  considered. W e  see,  
however, t h a t  t h e  atomic or molecular concentrat ion i s  of t h e  order  of 

10"; hence, we f ind  t h a t  we a r e  dea l ing  wi th  an atmospheric region cor
responding t o  t h e  F region,  and thus ,  t he  ion iza t ion  of t h e  F reg ion  
r e s u l t s  from t h e  s o l a r  chromospheric emission of wavelengths smaller  

than 9108. 
We now have t o  determine which atoms or molecules a r e  suscept ib le  

of forming t h i s  F1 region.  Le t  u s ,  therefore ,  consider t h e  var ious 

s p e c t r a l  regions ( see  Figure 15) which p e r t a i n  t o  these  var ious  c o n s t i 
t u e n t s  and w r i t e  t h e  e x p r e s s i o n s f o r  t h e  absorpt ion of r a d i a t i o n  of 

-2/11 

- - / A  . - [G(O)No(O) f G(N)No(N)]h c 
(v.44)

Mo(N)e 12a.2 e 

+;1(N)7"oJ(x) c-z/"\t (v.45) 
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where ( see  Figure 13) 
-

G(o) = 1.38 x 10-17, i,, (0)= = 1.36 x 10-8; Q = 3.01 x 109 (v.46) 
= 1.4 X l O - I 7 ,  iz, (0)= 7.2s X 10-O; Q = 3.3 X l o8  

x l ( ~ )= 2.05 x 10-17, i,, (N) = 1.07 x io-* (v. 47) 
-
x3(o) = 1.5 x 1 . 0 4 7  

1.7 X lo-" , i3, (0)= 3.76 x 10-O; Q = 2.5 x IOs 
-

x 2 ( ~ )= 1.s~x 1 0 4 7  , i3,.(S) = 4.62 X 10-9 (v.48)


(
I

Z(Nz) = 10-18 , i 3 = ( X z ) =  2.5 x 10-10 

By cance l l ing  t h e  de r iva t ives  of expression (V.41 t o  45), we ob
t a i n  t h e  condi t ions f o r  t h e  photoionizat ion maxima. 

For He, we f ind ,  ( V . 4 1 ) ,  

Since 

and 
- 
x:A-? - ( O )  + x47rNo(N) 

= 1.6 
N ( 0 )  .. N(N)_ _  

~ 

GIhN(He) N(ne) 

Since it i s  c e r t a i n  t h a t  
m 

S(He)< 1.5 X lo* [K(O) -I-X(N)] 



we p r a c t i c a l l y  have, a t  t h e  l e v e l  of maximum photoionization of He, 

c 
 I 

I n  o t h e r  words, t h e  a l t i t u d e  of t h e  m a x i m u m  e l e c t r o n  production of 
helium i s  conditioned by t h e  a l t i t u d e  of atomic oxygen and n i t rogen .  

-
For N,c and x 2 2(N ) = we have t h e  condition, (V.42), 

Since 

and 

Since, i n  t h e  atmosphere, 

X(K.#) < (2 [K(O) 4- n l ( S , ]  

we p r a c t i c a l l y  ob ta in  

L . ~ I 

With ( N  ) = we have %he condition (V.43) ,
1 2  

Since 
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and 
hNo(0) 4- *z<(0) ( N )hhT0 (hT). 

= 3.7 
X ( 0 )  + S(S)  

X<~LNO(N2) N(N2) 

Hence, w e  have, t o  t h e  b e s t  approximation, 

By v i r t u e  of r e l a t i o n s  (V.52 and 53), t h e  maximum e l e c t r o n  produc
t i o n  of molecular n i t rogen  i s  determined by t h e  abundance of oxygen and 
of atomic n i t rogen .  

L e t  us note ,  however, t h a t  if t h e  e f f e c t i v e  number Q of quanta 
reaching t h e  top  of  t h e  atmosphere were f ixed  by t h e  helium l i n e  ( A  

584 E), t h e  ion iza t ion  of N 

d i a t e l y  r e a l i z e ,  on t h e  b a s i s  of  an observa t iona l  f a c t ,  t h a t  r e l a t i o n  

2 
would be s t ronge r .  However, we can i m m e 

(V.52) w i l l  always apply whether t h e  number of X 584 2 quanta does not  
exceed t h e  normal chromospheric emission o r  whether t h e  number of N2 

molecules i s  very low. Indeed, s ince  t h e  F reg ion  exis ts  even i n  win ter  
i n  t h e  po la r  reg ions  (Tromsa, f o r  example) when t h e  sun does n o t  i l l u m i 
na t e  t h e  lower atmosphere (h < 35 k m ) ,  t h e  atmospheric element which 
e f f e c t i v e l y  produces t h i s  region m u s t  s t i l l  be subjected t o  an ion iz ing  
r a d i a t i o n  which does n o t  pass through t h e  lower atmosphere. Since mole
cu la r  n i t rogen  i s  a cons t i t uen t  of t h e  middle and lower atmosphere, 
t h e  r a d i a t i o n s  which should i on ize  it a t  t h e  a l t i t u d e  of  t h e  F region 
are absorbed before reaching it. Only t h e  atoms of  oxygen and ni t rogen,  
t h e  c o n s t i t u t i v e  elements of t h e  upper atmosphere, can be ionized a t  a l l  

h
U

t i m e s  by r a d i a t i o n s  ( > X  584 A )  exceeding those  suscep t ib l e  of i on iz ing  
molecular ni t rogen.  For N, we  obtain,  (V .44) ,  f o r  t h e  m a x i m u m  condi t ion  

o r  (v.55) 

i f  we consider  t h e  corresponding a l t i t u d e  as t h e  i n i t i a l  l e v e l .  The 
condi t ion f o r  t h e  m a x i m u m  photoionizat ion of atomic n i t rogen  depends, 



therefore ,  on t h a t  of atomic oxygen i f  the  abundance of t h e  l a t t e r  i s  
no t  neg l ig ib l e .  

For 0, we have, (V.45), as t h e  condi t ion of t h e  maximum, t h e  
expression 

L e t  u s  note  t h a t  

i
1-

(0)= 1.868 i
2-

(0) 

and l e t  u s  set  

F ina l ly ,  l e t  u s  consider  a s  t h e  s t a r t i n g  l e v e l  t he  a l t i t u d e  of t h e  
photoionizat ion maximum of N by adopting r e l a t i o n  (V.55). 

Hence, (v.56) i s  w r i t t e n  i n  t h e  form 

I n  order  t o  c a l c u l a t e  t h i s  l as t  expression, w e  have considered 
d i f f e r e n t  values  of 3‘ (or values of t h e  abundance of 0 re la t ive  t o  N) 
t o  ob ta in  t h e  values given by t h e  following t a b l e .  
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. ___ 

l N O )  Y S'Y 
b__ 

0.9 13.YN(N)  1 .06  0 954 

0.5 1.46 1.68 0.84 

0.4 0.97 2.1 0.84 

0.3 0.67 2.9 0.87 

0.2 0.365 4.8 0.96 

0.1 0.16 10 1 

0.05 0.09 20 1 

-.___- -. _. -

NmaX ( 0 )  -2 
_ _ _ _ _ ~  

10 
2 t o  3.5 km2-10 

1.78 1010 15 t o  20 km 
101.78'10 21 t o  30 km 

1.84.1010 31 t o  42 km 
10

2-10 47 t o  63 km 

2.1'10
10 69 t o  92 km 
10

2.1'10 120 km 
__ 

L e t  u s  c o l l e c t  t h e  numerical r e s u l t s  obtained by expressions (V.51,
52, 53, 34 and 36) where h = 40 t o  30 km; 

Re, N ( 0 )  + N(N) = 2.04.10 
10 

t o  2.72'1010 

N2( X =  10
47), N ( 0 )  + N(N) = 1.68.1010 t o  2.24'1010 

-18 10 10
N~(X =  io ), N(O) + N(N)  = 1.47.10 t o  1.96.10 

N, N ( 0 )  + 1.46 N(N) = 1.79.1010 t o  2.38.1010 

10 
0,  N ( 0 )  = 1.78 t o  2.1.10 

W e  immediately recognize t h a t  a l l  t h e  values a r e  of t h e  same o rde r  
of magnitude and thus,  t h a t  t h e  photo ioniza t ion  maximum i s  located a t  a 
l e v e l  defined by t h e  concent ra t ion  N ( 0 )  + 1.46 N ( N ) .  However, i f  N ( 0 )  
w a s  appreciably g r e a t e r  than  N(N) ( for  example, t h e  f irst  l i n e  of t h e  
t a b l e ) ,  t h e  F1 region would be formed almost exc lus ive ly  by atomic 

oxygen. On t h e  cont ra ry ,  if t h e  abundance of 0 w e r e  much lower than 
t h a t  of N, t h e r e  would be tendency toward t h e  formation of another r e 
gion much lower than  t h e  F1 regton. I n  t h e  extreme case ( las t  l i n e  of 

t h e  t a b l e )  t h e  photo ioniza t ion  m a x i m u m  of 0 would t ake  place a t  t h e  
a l t i t u d e  of t h e  E reg ion  (120 km). B u t  s ince  t h e  concentration would 

only be 2.1010 oxygen atoms p e r  em3 a t  120 km, t h i s  p o s s i b i l i t y  cannot 
be accepted. 



I n  t h e  f i n a l  ana lys i s ,  t h e  o r i g i n  of t h e  F region results from t h e  
ion iza t ion  of t h e  oxygen and n i t rogen  atoms acted upon by chromospheric 

r a d i a t i o n  wi th  wavelengths of l e s s  than  910 8. The o t h e r  cons t i t uen t s ,  
such as molecular n i t rogen  and helium, have t h e i r  photo ioniza t ion  m a x i m a  
a t  t h e  same a l t i t u d e  as oxygen and atomic n i t rogen .  Moreover, t h e  O2 

molecule, whose concent ra t ion  i s  i n s i g n i f i c a n t  a t  t h i s  a l t i t u d e ,  a l s o  

has a photo ioniza t ion  m a x i m u m  due t o  t h e  absorption of A, < 735 8 i n  i t s  

continuum.' Hence, no r a d i a t i o n  wi th  A, < 910 8 can reach  t h e  E region. 1 

The E Region 

Molecular oxygen has an absorp t ion  continuum which corresponds t o  

i t s  f i r s t  ion iza t ion  p o t e n t i a l ,  X<1,010 8,and whose c o e f f i c i e n t  i s  very 

l o w ,  w = However, i n  t h e  s p e c t r a l  range ( c f .  Chapter I V ,  p. 102), 
t h e  p re ion iza t ion  bands of 02 possess a more apprec iab le  absorption 

W ec o e f f i c i e n t ,  4.10-~~. t hus  see t h a t  t h e  E region, which a s  we have 
seen i s  loca ted  i n  t h e  t r a n s i t i o n  region, 0-0 + 0, may be due t o2 

t h e  i o n i z a t i o n  of t h e  O2 molecule, i f  t h e  rate of logar i thmic  decrease 

h of 02 corresponds t o  t h e  "ionospheric he ight  s ca l e"  observed. 

We thus  have t o  f ind t h e  value of h; it can be determined as 
follows . 

We have shown e a r l i e r ,  (111.76), t h a t  

--r 
b y  v i r t u e  of t h e  r e l a t i o n  c ' - t - '  (formula 4.10 of t h e  In t roduc

0
t i o n ) ,  t h e  r a d i a t i o n  wi th  A, < 910 A reaching t h e  a l t i t u d e  of t h e  E r e 

gion (-100 t o  120 km) i s  of t h e  r a d i a t i o n  reaching t h e  average 
a l t i t u d e  (240 km) of t h e  F1 region. Thus, t h e  formation of t h e  E reg ion  

by 02, subjected t o  t h e  inf luence  of r a d i a t i o n  wi th  A, (735 2 , cannot 

be admitted. 



i . e . ,  t h a t  t h e  a l t i t u d e  of  t h e  m a x i m u m  concentrat ion of t h e  oxygen atom, 
z (0) = lo? t o  110 km, i s  r e l a t e d  t o  t h e  a l t i t u d e  of m a x i m u m  d i s soc ia m a x  

t i o n  of 02 by r e l a t i o n  (V.57)where h i s  t h e  ra te  of  logari thmic decrease 

of 02 wi th  t h e  a l t i t u d e ,  and H i s  t h e  he igh t  of t h e  homogeneous atmos

phere a t  t h e s e  a l t i t u d e s .  

By v i r t u e  of r e l a t i o n  (V.20) applied t o  the  d i s s o c i a t i o n  and ion iza 
t i o n ,  w e  have 

where t h e  ind ices  D and I p e r t a i n  r e spec t ive ly  t o  t h e  d i s s o c i a t i o n  and 

ion iza t ion .  Since D = 8.02'10 -18 and xI =  w e  obtain,  (~.58), 

Consequently, t h e  r a t i o  of t h e  numbers of  O2 molecules p e r  em3 a t  

t h e  l e v e l s  of  m a x i m u m  d i s s o c i a t i o n  and ion iza t ion ,  respec t ive ly ,  i s  
equal  t o  5 and corresponds t o  t h e  d i s t r i b u t i o n  of O2 i n  an atmosphere 

where h cha rac t e r i zes  i t s  ra te  of decrease wi th  a l t i t u d e ;  Az i s  t h e  d i f 
ference i n  a l t i t u d e  between t h e  two l e v e l s  considered and, by v i r t u e  of 
(V.59), t h i s  d i f f e r e n c e  i s  given by 

AZ = 1.61 h (v.60) 
Let  107.5t 2.5 k m  be t h e  value of ~ " ( 0 ) ;  by v i r t u e  of (V.57and 

60), we can then  w r i t e  

1.61 h = h log  -' + 1.25'106 (v.61)
' H - h  

i f  t h e  a l t i t u d e  of t h e  ion iza t ion  maximum of t h e  E region i s  120 km 
(average a l t i t u d e  a t  our  l a t i t u d e s ) .  



1-35 


On the other hand, the results of ionospheric observations show 
that h <  11 km and 1.04 H <3O km. Let us set successively H = 10 h, 
5 h, 3 h and 2 h. From (v.61), we obtain 

h = 8.3 km h =  9km h = 10.4 km h = 13.3 km 

H = 83 km H = 43 km H = 31.2km H = 26.6 km 

Hence, the only acceptable solution is 

Taking into consideration the fact that zmax(0) is defined only 

within f 2.5 km, 


h 2r 10 km (8to 10km) 


(22 to 30 km)
H 2 30 km 

Finally, let u s  note that if we assume the same vertical distribu
tion for the oxygen atom as for the other constituents, relation (111.65)
gives values of H from 20 to 30 km (recombination via double or triple 
collisions) when it is assumed that h(02) = 10 km. 

we have
Let us apply relation (V.40) to 02; since X =  4.10-~~, 

NM(02)'4'10-17'10 6 = 1 

whence 


(0 ) -2.5'lO 
10 (v.62)NM 2  

and we thus arrive at the important result that the ionospheric height 

scale determined by ionospheric measurements (-10 km) corresponds in 

fact to the rate of decrease, h, of the O2 molecule at the level of the 


E region and not to the height, H, of the homogeneous atmosphere at these 
altitudes. The approximate value of H (-22 to 30 km) indicates that 
between the E and F regions the atmosphere does not undergo any abrupt 
variation in its structure. In other words, the upper  atmosphere be
haves as a continuous body from the standpoint of composition and tem
perature. Moreover, the difference in the ionospheric height scales 
(or the abrupt variation in the structure of the atmosphere) takes place 
in the atmospheric region characterized by the start of dissociation of 
.02,i.e., in the zone separating the middle atmosphere (H-8 km) from 

the upper atmosphere (H-20 to 40 km). 



Whereas t h e  E reg ion  i s  due t o  t h e  absorp t ion  of s o l a r  energy by 
p re ion iza t ion  bands, t h e  i o n i z a t i o n  r e s u l t i n g  from t h e  continuum of 02 

can in su re  t h e  ex i s t ence  of an ionospheric reg ion  (by v i r t u e  of V.29) 

only i n  t h e  atmospheric reg ion  where N ( 0 2 )  > 1013, i .e . ,  a t  t h e  s ta r t  
of t h e  D region.' 

Consequently, t h e  o r i g i n  of t h e  E reg ion  i s  due t o  t h e  emission of 

photospheric r a d i a t i o n  comprised between h 1000 a and X 910 2 which ion
i z e s  (p re ion iza t ion )  t h e  oxygen molecule, whose r a t e  of logar i thmic  de
crease  wi th  a l t i t u d e  i s  i d e n t i c a l  t o  t h e  ionospheric he ight  s ca l e .  

F ina l ly ,  t h e  NO molecule, whose ex i s t ence  has been demonstrated 
( i n  Chapter 111) i n  t h e  atmospheric reg ion  loca ted  above t h e  E region, 

i s  suscep t ib l e  of being ionized by r a d i a t i o n  wi th  X <  1,350 8. I n  t h i s  

0
s p e c t r a l  range ( c f .  Figure 15) t h e  l i n e  La (1 = 1,215.7 A) of hydrogen 

appears which may e m i t  a number of quanta g r e a t e r  than  t h a t  of t h e  photo
sphere. Consequently, t h e  e s s e n t i a l  phenomenon below t h e  E region r e 
s u l t s  from t h e  i o n i z a t i o n  of NO. 1 

Section 4. Nocturnal Conditions 

The condi t ions  of formation of an ionized region being f ixed  (Sec
t i o n  2) and t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  ionized elements being 
known (Section 3), w e  now m u s t  f i n d  t h e  laws governing t h e  v a r i a t i o n  of  
t h e  e l e c t r o n  concent ra t ion  wi th  time and a l t i t u d e .  We s h a l l  consider 
a p r i o r i  two cases corresponding, r e spec t ive ly ,  t o  t h e  d i u r n a l  condi
t i o n s  (presence of s o l a r  r a d i a t i o n )  and noc turna l  conditions (absence 
of s o l a r  r a d i a t i o n s ) .  The l a t t e r  case i s  simpler,  because when t h e  
s o l a r  r a d i a t i o n s  no longer  a f f e c t  t h e  ionosphere, equations (V.1,  2 and 
3) become immediately s impl i f i ed  and w e  have 

'Inasmuch as  O2 and NO a r e  involved i n  the i o n i z a t i o n  above t h e  E re

gion, it i s  not impossible t h a t  we might be dea l ing  wi th  a double D 
l aye r ,  one p a r t  of which i s  p a r t i c u l a r l y  s e n s i t i v e  during t h e  fade-out 
( ion iza t ion  of NO, see below). F ina l ly ,  it would be d e s i r a b l e  t o  
e l u c i d a t e  t h e  i o n i z a t i o n  of atmospheric sodium. 



i.e., the photoionization and photodetachment no longer affect the 
electron concentration. Under these conditions, it is possible to de
termine the laws of variation of electron concentration by considering 
only the most abundant molecules and atoms present in the E and F re
gions. Consequently, the reasoning applied to the main constituent 
susceptible of being ionized and of capturing an electron will be valid 
without any extensive modification in the case of a system with several 
constituents. If we assume that this element is the oxygen atom, 
equations (V.1 ,  2, 3)  can be written, on the basis of (v.63),  as 

(v.64) 

dN+
-=; - rx++hT, - j N * X  0 . 6 5 1  
d t  
dN
-= a m ,  - psx- - j x+x- (v.66)
d t  

Let u s  recall that N N- and N+ are functions of altitude z and2' 

time t, whereas N depends only on z. 


On the basis of (V.4 and 7 ) ,  equations (V.64, 65, 66) assume the 
form 

(v.68)  

From (v.68 or 69) and (v .67) ,  we obtain 

aN - 1 d n  
1 4- fC t 

2L = pN + ( j  -?.)NE 



The s t a t i o n a r y  value u
S 

of u i s  the re fo re  given by,(V.70), (N )
E S  

denot ing t h e  corresponding value of NE 

aN a 

and t h e  g r e a t e s t  value, uMY by 

account being taken  of t h e  f a c t  t h a t  f >r. 

If t h e  s t a t e  i s  not s t a t iona ry ,  t h e  value of u i s  a s o l u t i o n  of 
equation (V.?O), i . e . ,  of t h e  d i f f e r e n t i a l  equation of f irst  order and 
f i r s t  degree of R i c c a t i  

or, i n  another form, 

This equation a d m i t s  of t h e  p a r t i c u l a r  so lu t ion ,  u1 = -1, and is ,  

the re fo re ,  i n t e g r a b l e  by a quadrature.  I n  f a c t ,  by s e t t i n g  

w e  f ind t h e  l i n e a r  d i f f e r e n t i a l  equation 

whose genera l  i n t e g r a l  i s  w r i t t e n  between t h e  l i m i t s  tX and t, a s  
follows : 



yx being t h e  value of  y a t  t i m e  t = t,. 

Le t  u s  .transform t h e  expression between brackets ,  and we  write 
(V.77) ,  a f t e r  having set  

t o  s impl i fy  t h e  nota t ion ,  i n  t h e  fol lowing manner 

By consider ing an average value EE of NE i n  t h e  t i m e  i n t e r v a l  

t - tx> 0, we ob ta in ,  by app l i ca t ion  of t h e  mean value theorem 

By s e t t i n g  u = ux a t  t i m e  tx, w e  obta in ,  by means of  (v.65), 

1 
1 + ux - yx 

and, on t h e  b a s i s  of (V.79), t h e  fol lowing value of u 
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.. - , 

1 
(v.80) 


+ 1  

wi th  9 = ( a  + p)N + (f - r)gE. 

This  expression thus  provides a s o l u t i o n  of equation (V.TO), where-
N

E 
i s  an average value of NE i n  t h e  i n t e r v a l  t - tx. 

L e t  u s  set 
-

NE = NE +ANE (v.81) 

where AN
E 

represents ,  i n  t h e  i n t e r v a l  t - tx, t h e  f l u c t u a t i o n  of NE 

wi th  respec t  t o  an average value i n  t h i s  i n t e r v a l .  I n  t h e  ionosphere, 
we  can chose a t i m e  i n t e r v a l  such t h a t  AN

E 
i s  neg l ig ib l e  i n  t h e  pres 

-
ence of NE. Hence, w e  can write t o  a s u f f i c i e n t  approximation N

E = NE 

amd take  it i n t o  account i n  equat ion (v.80). W e  t hus  ob ta in  an approxi
mate value of u .  Replacing u i n  equat ion (v.67)by i t s  value given by
(v.80), where NE i s  considered ins tead  of  8E’ we w r i t e  t h e  l a w  governing 

t h e  l o c a l  v a r i a t i o n  of  t h e  e l e c t r o n  concent ra t ion  as a func t ion  of t i m e  
i n  t h e  i n t e r v a l  t - tx i n  t h e  fol lowing form, which i s  d i r e c t l y  app l i 

cable  t o  t h e  ionospheric  condi t ions:  

An examination of t h e  r e l a t ive  values  of t h e  d i f f e r e n t  times of 
equat ion (v.82) enables  u s  t o  determine t h e  simple l a w s  which apply t o  
t h e  var ious regions of t h e  ionosphere. 



--- 

Case 1. Let  u s  consider t h e  condition 

which, f o r  a f ixed  value of N, i . e . ,  a t  a c e r t a i n  a l t i t u d e ,  can be s e t  
i f  t h e  t i m e  i n t e r v a l  t - tx is  conveniently chosen. I n  f a c t ,  using t h e  

numerical data ,  we can v e r i f y  t h e  f a c t  t h a t  i n  t h e  observable regions 
of t h e  ionosphere 

(v.84) 

Taking i n t o  account t h e  condition (v.83),  equation (v.82) i s  
wr i t t en ,  a f t e r  a few elementary transformations,  as 

However, determinat ions of t h e  values of t h e  c o e f f i c i e n t s  and t h e  
knowledge of N and NE i n  t h e  ionosphere show t h a t  

o > p > O ; f > r > O ; a > 7 . > O a n d  N >K, > O  

whence 

uf + rp r(f --)NE 
and 1 > E = 0.01 

a > CLN a 

Consequently, for t h e  purpose of numerical computations, equation 
(v.85) can be w r i t t e n  t o  an exce l l en t  approximation as 

dN, - [ a  4-p ( l  - ?I,,)]",- [ ( P I ,  + 1) c 
fp(t - t,) af + rp - I t , ( /  - ,*)IN:(v.86)

d t  a 

Furthermore, s ince  



and (f - r) = 1.8*10"" cm3 sec-l 

we can write the preceding equation in the simpler approximate form 


I 

Equation (v.87)is always applicable for a value of t - tx such 

that the condition (v.83) is realized. In other words, if 


we have a law of local variation of the electron concentration expressed 

in a general form by (v.83) or in a simplified form by (v.87). The 

latter is written 


by setting 


and 


where @/N denotes the coefficient of attachment of electrons and a 
denotes the effective recombination coefficient. 

Let us note that the value of a will be comprised between the f o l 
lowing values fixed by the condition (v.83), taking (V.84) into account 

nN 
a < 

pN + (f -Y)NE 
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Consequently, i f  t - tx i s  s u f f i c i e n t l y  s m a l l ,  a may be g r e a t e r  

than B/N E and a v a r i a t i o n  of t h e  e l e c t r o n  concentrat ion sub jec t  t o  a 

law of attachment results f o r  a f ixed  value of N, i . e . ,  a t  a given 
l e v e l  z. 

I f  t - tx increases  beyond a c e r t a i n  l i m i t ,  while t he  condi t ions 

imposed by (v.83) are met, the.second term of r e l a t i o n  (v.87 or 89) 
acquires  an increas ingly  g r e a t e r  importance wi th  respec t  t o  t h e  f i r s t  
term, which diminishes.  Hence, f o r  a s u i t a b l y  chosen value of N, t h e  
va r i a t ion  of t h e  e l e c t r o n  concentrat ion i s  subjec t  t o  a recombination 
l a w  ("NE > B ) .  

Case 2. L e t  u s  consider t h e  reverse of condi t ion (v.83),  i . e . ,  

a condi t ion which for an a r b i t r a r i l y  chosen t - tx i n t e r v a l  w i l l  be 

r ea l i zed  i f  N i s  s u f f i c i e n t l y  l a r g e  (hence a t  a c e r t a i n  l e v e l ) ,  N 
being present  i n  t h e  exponent ia l  term. 

If (V.91) i s  m e t ,  w e  have a f o r t i o r i  

and 

s ince  a N  > pN $. (f - r)  N E >  0 and ux > 0. 

By v i r t u e  of condi t ions (V.92 and 93), w e  ob ta in  from t h e  s o l u t i o n  
of (v.80) of t h e  R i c c a t i  equation, t h e  approximate value of u 

*c - Q.N 
pN + (f- ).)hTE (v. 94) 

i. 
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which would be t h e  s t a t i o n a r y  value of  u determined by r e l a t i o n  (V.71) i f-
NE were t h e  s t a t i o n a r y  va lue  of NE’ 

By rep lac ing  u i n  equat ion (V.67) by i t s  value (V.94), we ob ta in  
t h e  r e l a t i o n  

where t h e  t i m e  i n t e r v a l  t - tx i s  chosen under condi t ions (V.91, 92 and 

93) so t h a t  it w i l l  be poss ib l e  t o  neglec t ,  as before ,  t h e  f l u c t u a t i o n  
AN 	 of N i n  t h i s  i n t e r v a l .E E 

Two cases  of  i n t e r e s t  f o r  ionospheric  app l i ca t ions  may be con
sidered according t o  t h e  r e l a t i v e  values  o f  t h e  two terms i n  t h e  
denominator. 

L e t  pN < (f - r) NE. Equation (V.95) i s  then  w r i t t e n  i n  t h e  approx
imate form 

If  pN > (f - r) NE, a case r e a d i l y  achieved f o r  t h e  condi t ions 

imposed, s ince  N m u s t  be chosen t o  be s u f f i c i e n t l y  l a r g e  (condi t ion
V.91) and hence, z m u s t  be s u f f i c i e n t l y  low, w e  have 

which y i e l d s  a recombination l a w .  

Consequently, i f  t h e  value of  t - tx is  conveniently chosen f o r  a 

s u f f i c i e n t l y  high value of N ( r e l a t i v e l y  low a l t i t u d e ) ,  t h e  l a w  of l o c a l  
e l e c t r o n i c  v a r i a t i o n  w i l l  be a recombination l a w .  

By consider ing t h e  numerical values  of  t h e  c o e f f i c i e n t s ,  w e  s h a l l  
see t h a t  t h e  var ious  simple l a w s  which have j u s t  been es tab l i shed  on 
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t he  b a s i s  of our genera l  l a w s  (V.1,2, 3) apply t o  t h e  vr ious  iono
spher ic  regions.  

The E Region 

I n  t h e  E region w e  have N > 1OI2 and NE< 2*105. Let  u s  r e c a l l  
-16

t h e  mean va lues  of t h e  c o e f f i c i e n t s  a = 2.10-14em3 see-’, p = 2’10 

cm3 see-’, f = 2-10-11 em3 sec-1 and r = 2.10-l~em3 see-’. 

I n  t h i s  case,  we see t h a t  f o r  t - tx = 100 seconds, condi t ion  

(V.91) i s  f u l f i l l e d ,  even if ux = 0, and we f ind  ourse lves  i n  t h e  theo

r e t i c a l  Case 2 considered above. I n  addi t ion ,  pN > (f - ‘)NE, and con

sequently w e  can apply (V.97). The l a t t e r  i s  wr i t t en ,  when t h e  c o e f f i 
c i e n t s  a r e  replaced by t h e i r  numerical values,  as 

Consequently, t h e  l a w  of t h e  nocturnal  v a r i a t i o n  of t h e  e l e c t r o n  
concentrat ion i n  t h e  E reg ion  i s  always a recombination l a w  whose con
s t a n t  c o e f f i c i e n t  w i th in  t h e  l a y e r  has an average value of t h e  order  of 

2.lO-’ em3 see-’. This  f i g u r e  agrees  wel l  with t h e  experimental  values  

( see  Chapter I, p .  19) where a = 2 t o  4.10-~. 

W e  see from t h i s  r e s u l t  t h a t  t h e  e f f e c t i v e  recombination c o e f f i 
c i e n t  exceeds t h e  values  deduced from elementary phys ica l  processes.  
Although one could expect a l a w  of attachment f o r  t h e  higher  molecular 
concentrat ions,  one a c t u a l l y  f i n d s  a recombination l a w  which, i n  addi
t i o n ,  i s  i n  exce l l en t  agreement wi th  ionospheric observat ions.  This  
r e s u l t  i s  r e a d i l y  i n t e r p r e t e d  when equation (V.97) i s  examined, where 
t h e  recombination c o e f f i c i e n t  of t h e  p o s i t i v e  and negat ive  ions  f i s  
mul t ip l ied  by t h e  cons tan t  r a t i o  a/p. This r a t i o  corresponds t o  a 
higher  value % (V.72) of u = N-/N E ( r a t i o  of t h e  concentrat ions of 

negat ive ions  and e l e c t r o n s ) .  Ef fec t ive ly ,  by re turn ing  t o  t h e  value 
of u indicated i n  equat ions (V.71 and 94), where we  t a k e  i n t o  account 
t h e  condi t ion pN > (f -r) NE va l id  i n  the  E region, we  f i nd  t h a t  t h e  

, 
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s t a t i o n a r y  value (V .71)  is  then i d e n t i c a l  t o  t h e  value (V.94). I n  o t h e r  
words, a s t a t e  of equi l ibr ium between negat ive ions  and e l ec t rons  tends 
t o  be es tab l i shed  very quickly i n  t h e  E region (<lo0 seconds).  

Hence, it follows from t h e  observa t iona l  s tandpoint  t h a t  t h e  proc
esses  of attachment and detachment of e l ec t rons  occur without t h e  
in t roduct ion  of a per turba t ion  by t h e  d i r e c t  recombination of p o s i t i v e  
ions  wi th  e l ec t rons .  A r a t i o  of e l ec t rons  t o  negat ive ions  correspond
ing  t o  a permanent e q u i l i b r i u m  may be e s t ab l i shed  and preserved i n  t h e  
course of t h e  occurrence of t h e  recombination phenomenon. This  dynamic 
equi l ibr ium between p a r t i c l e s  of negat ive charge causes t h e  v a r i a t i o n  
of t h e  e l ec t ron  concentrat ion i n  t h e  E region t o  be independent of t h e  
attachment or detachment of e lec t rons  and t o  fol low a recombination l a w  
whose e f f e c t i v e  c o e f f i c i e n t  exceeds t h a t  of t h e  elementary processes.  

F ina l ly ,  t h e  value 2.10-9i s  the  maximum value obta inable  by an e f f e c 
t i v e  n ight  recombination c o e f f i c i e n t .  

The F Regions 

I n  order  t o  apply t h e  preceding t h e o r e t i c a l  r e l a t i o n s  t o  t h e  F 
regions,  w e  have t o  consider  a l l  t h e  numerical values  of N and N

E' 
To 

t h i s  end, we have ca lcu la ted  t h e  values of t h e  exponent ia l  

-
[a + p ) X  + (f - l.)NE] ( t  - tZ)

e 

f o r  d i f f e r e n t  values  of N and N
E '  

The computation has been made f o r  

4
values of t h e  time i n t e r v a l ,  t - tx, comprised between 1 and 10 

seconds. The average values  of NE considered a r e  e q u a l  t o  104, 105 and 

10b e lec t rons  per em3, and thus  cover a l l  t h e  observable values of t h e  

14

e lec t ron  concentrat ion.  By tak ing  atomic concentrat ions between 10 

6
and 10 , w e  a r e  sure  a p r i o r i  of having considered t h e  e n t i r e  ionospheric  

region. We have already s t a t ed  t h a t  i n  t h e  E region, N > 101 2. A s  f a r  
as t h e  F regions a r e  concerned, an ind ica t ion  i s  provided by t h e  observa
t i o n a l  d a t a  of F. L. Mohler which w e  have presented i n  e x p l i c i t  form 
i n  r e l a t i o n s  (1.11and 12). Effec t ive ly ,  if w e  consider  t h e  value of 

t h e  attachment coe f f i c i en t ,  a = a t  360 km and a t  270 km, we 

obta in  t h e  atomic concentrat ions N = 109 a t  360 km and 8.50109 a t  270 km. 
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The a l t i t u d e  of 360 km corresponds t o  the ion iza t ion  maximum of t h e  F2 

region.  By adopting a value of N of t h e  order  of lo1' f o r  t h e  F1 region 

which has disappeared i n  t h e  course of t h e  n ight ,  we  can e s t a b l i s h  t h e  
8

region of t h e  F2 l a y e r  a t  lolo and 10 atoms p e r  em3 subjected t o  a t 

tachment. Hence, we see immediately t h a t  t h e  l a w  of l o c a l  e l e c t r o n i c  
v a r i a t i o n  pe r t a in ing  t o  the  F regions i s  represented by r e l a t i o n  (v.87) 
which, when t h e  c o e f f i c i e n t s  are replaced by t h e i r  numerical values,  
i s  w r i t t e n  a s  

.The f i rs t  conclusion which follows from an inspec t ion  of t h i s  r e l a 
t i o n i s  t h a t  t h e  minimum value of t h e  recombination c o e f f i c i e n t  i n  t h e  F 

regions w i l l  be 0.2.10-10. I n  o the r  words, if t h e  absolu te  value of 
t h e  term corresponding t o  t h e  attachment i s  very low, t h e  e l e c t r o n i c  
v a r i a t i o n  w i l l  be subjected t o  a recombination law whose c o e f f i c i e n t  

-11cannot be lower than  2.10 . This  r e s u l t  expla ins  the  f a c t  t h a t  t he  
minimum values  reached during most d iverse  observat ions i s  never lower 
than  t h i s  value (see page 3 2 ) .  

The disappearance of t h e  F1 region-(N E)m a x  i n  t h e  F1 region < 
i n  t h e  E region-is  very e a s i l y  explained. Observations show 

t h a t  when the  solar in f luence  decreases  ( i + O ) ,  i .e . ,  tends toward 
t h e  case which we are consider ing (i' 0 ) ,  t h i s  region i s  no longer 

10
observable.  I n  t h e  F1 region, where NE = 3.105 and N -10 , w e  see  

t h a t  t h e  attachment surpasses  t h e  recombination. Since t h e  attachment 
i s  propor t iona l  t o  t h e  atomic concentrat ion and i t s  value i s  r e l a t i v e l y  
high, t h i s  region d isappears  as soon as i t s  a l t i t u d e  increases  above 
a c e r t a i n  l i m i t .  W e  s h a l l  r e t u r n  t o  t h i s  po in t  i n  a d iscuss ion  of t h e  
d i u r n a l  condi t ions (Sect ion 5 ) .  

A s  fa r  as t h e  F
2 

reg ion  i s  concerned, we  consider  two extreme 
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cases which enable us to estimate the value of the different terms in 


the preceding relation. If N = lo9, we have for 
-NE = 106 , pnE= 2'10 

-11 

and the recombination coefficient is 2'10"'. 

8If N = 10 , and 

-	 6 -12
N
E 

= 10 , p b E  = 2'10 
-	 5 -11 
NE = 10 , p/EE = 2'10 

-1'
and the recombination coefficient is 2'10 . 

These data reveal the diverse special properties of the F2 region. 


(1) A value of the observed recombination coefficient which varies 

in accordance with the distribution of the constituents. Indeed, the 

analysis of the observations always conforms to a law of the form 


whereas the theoretical law is of the form 


whence QNa ' s  -+ a 
N E  

is an apparent recombination coefficient. 


(2) If the value of NE at a given altitude varies with the epochs, 
we obtain variable values of the apparent recombination coefficient. 
In fact, we find that a decrease or increase of the electron concentra
tion is associated with an increase (or  decrease) of the equivalent 
recombination coefficient. Thus, observations which during the same 
night reveal variations of the coefficient are easily explained by the 
opposite variations of NE. Similarly, variable values of the same 

coefficient in the course of the seasons are due to the same cause. 




(3) The conclusion which w e  have drawn (page 33) t o  t h e  e f f e c t  
t h a t  t h e r e  w e r e  pronounced d i f f e rences  i n  t h e  values  of t h e  recombina
t i o n  c o e f f i c i e n t s  during t h e  observat ions of Appleton, on t h e  one hand, 
and Mohler, on t h e  o ther ,  can be in t e rp re t ed  i n  t h e  l i g h t  of t h e  r e s u l t  
acquired on t h e  e f f e c t  of t h e  e l e c t r o n  concentrat ion.  Whereas t h e  ob
serva t ions  made i n  1933-34 p e r t a i n  p a r t i c u l a r l y  t o  low e l ec t ron  concen
t r a t i o n s  (minimum s o l a r  a c t i v i t y ) ,  t he  observat ions of 1937-38 ind ica t e  
high concentrat ions.  Hence, w e  have a low equivalent  recombination 
coe f f i c i en t  f o r  1937-38 and a high c o e f f i c i e n t  for 1933-34. 

(4) The e f f e c t  of t h e  a l t i t u d e  on t h e  values  of t h e  recombination 
c o e f f i c i e n t  i s  in t e rp re t ed  i n  t h e  same manner. According t o  t h e  values  
of t h e  r a t i o  of t h e  atomic t o  t h e  e l ec t ron  concentrat ions,  t h e  c o e f f i 
c i e n t  w i l l  be sub jec t  t o  f luc tua t ions .  For t h e  same va lue  of NE’ t he  

c o e f f i c i e n t  w i l l  decrease wi th  t h e  a l t i t u d e .  I n  o t h e r  words, if t h e  
a l t i t u d e  of t h e  m a x i m u m  e l e c t r o n  concentrat ion of t h e  F2 region i s  d i f 

f e r e n t  a t  two s t a t i o n s ,  i t s  equivalent  recombination c o e f f i c i e n t  f o r  
t h e  same e l e c t r o n  concentrat ion w i l l  be  d i r e c t l y  propor t iona l  t o  the  
number of n e u t r a l  atoms. 

( 5 )  The f a c t  t h a t  t h e  l a w  of attachment i s  i n i t i a l l y  more impor
t a n t  than t h e  l a w  of pure recombination causes a more rap id  decrease of 
t he  e l e c t r o n  concentrat ion i n  t h e  lower l a y e r s  of t h e  F2 region. During 

the  f i r s t  p a r t  of t h e  n ight ,  one observes indeed a r i s e  i n  t h e  a l t i t u d e  
of t h e  maximum concentrat ion of t h e  F2 region. 

( 6 )  While t h e  a l t i t u d e  of t h e  F2 region increases ,  t h e  number of 

atoms decreases  with t h e  a l t i t u d e  and t h e  attachment becomes increas ingly  
l e s s  important.  During t h i s  time, t h e  recombination c o e f f i c i e n t  i n 
c reases  gradual ly  toward a value equal t o ,  then g r e a t e r  than  t h e  product 
of t h e  number of e l e c t r o n s  by t h e  coe f f i c i en t  of attachment. From t h a t  
moment on, t h e  a l t i t u d e  of t h e  F2 region can no longer  r i s e ,  s ince  t h e  

e f f e c t  of t h e  molecular concentrat ion no longer  in te rvenes .  This i s  a 
good explanat ion for t h e  observed f a c t  t h a t  t he  m a x i m u m  a l t i t u d e  of t h e  
F region i s  reached f o r  a recombination c o e f f i c i e n t  always g r e a t e r  than 

2 

2


(7) These var ious  considerat ions suggest an explanat ion f o r  t h e  
o r i g i n  of t h e  numerous f l u c t u a t i o n s  i n  t h e  F2 region. Indeed, t h i s  i s  

an atmospheric region where t h e  e f f e c t s  of e l e c t r o n  recombination and 



attachment are simultaneously involved. If we add t h a t  t h e  c o e f f i e i e n t s  
which we have considered t o  be cons tan t  are temperature-dependent, w e  
can s t a t e  t h a t  s l i g h t  modif icat ions of t h e  molecular concentrat ion or 
temperature cause t h e  observed f l u c t u a t i o n s  i n  t h e  r a t i o  of  t h e  r e l a t i v e  
values  of t h e  two processes of attachment and recombination. F ina l ly ,  
t h e  e l e c t r o n  concentrat ion i t s e l f  being a l s o  a f a c t o r ,  it is  easy  t o  
understand t h a t  t h e  complexity of t h e  phenomena t ak ing  p lace  i n  t h e  F2 

region depends p r imar i ly  on t h e  r e l a t i o n s  a f f e c t i n g  t h e  elementary 
mechanisms. 

( 8 )  These results a l s o  suggest t h a t  t h e  abnormal behavior p a t t e r n s  
observed w i l l  have t o  be s tudied by t ak ing  i n t o  account t h e  p a r t i c u l a r  
c h a r a c t e r i s t i c s  of t h e  F2 region. 

provide simultaneous d a t a  on t h e  v a r i a t i o n s  i n  t h e  e l e c t r o n  concentra-

I n  f a c t ,  new observat ions should 

t i o n  and a c t u a l  a l t i t u d e .  

Sectson 5.  Diurnal  Conditions 

During the  t r a n s i t i o n  from nocturna l  t o  d i u r n a l  condi t ions,  t h e  
s o l a r  r a d i a t i o n  causes a modif icat ion i n  t h e  processes  a f f e c t i n g  t h e  
e l e c t r o n  concentrat ion.  This  modif icat ion i s  due a p r i o r i  t o  photoion
i z a t i o n  and, depending upon t h e  circumstances, t o  photodetachment. W e  
have shown i n  a s tudy  ( i n  Sect ion 2 of t h i s  chapter )  of t h e  formation 
of an ionized reg ion  t h a t  t h e  e l e c t r o n  production by photoionizat ion 
should be considered t o  be t h e  most important phenomenon. Furthermore, 
t h e  photoionizat ion of  s p e c i f i c  molecules o r  atoms cha rac t e r i zes  t h e  
var ious regions of  t h e  ionosphere (Sect ion 3) .  F ina l ly ,  t h e  equi l ibr ium 
between t h e  processes  corresponding t o  t h e  elementary mechanisms of a t 
tachment and detachment var ies  with t h e  a l t i t u d e  and w a s  success fu l ly  
determined by an examination made i n  Sec t ion  4 o f  t h e  noc turna l  iono
spher ic  condi t ions.  On t h e  basis of t h e s e  var ious  acquired results, it
i s  poss ib le  t o  determine t h e  d i u r n a l  behavior of  t h e  ionosphere. 1 

'In p r inc ip l e ,  it i s  s u f f i c i e n t  t o  determine, from equat ions (V.1, 2, 3), 
t h e  value of t h e  r a t i o  u of negat ive ions  t o  e l ec t rons .  A s  i n  t h e  case 
of nocturnal  condi t ions,  w e  ob ta in  a R i c c a t i  equat ion 

whose p a r t i c u l a r  s o l u t i o n  i s  no longer  t h e  simple so lu t ion  u = -1. Hence, 
we have s impl i f ied  t h e  problem by f i rs t  examining s t a t i o n a r y  cases  ap
p l i ed  t o  each ionospheric  region, whose main p rope r t i e s  are known through 
t h e  s t u d i e s  made i n  t h e  preceding sect. ions.  



The E Region 

I n  t h e  E region, t h e  molecule subjected t o  t h e  photoionizat ion 
e f f e c t  i s  t h e  O2 molecule, and t h e  nega t ive  ion  i s  t h e  oxygen atom. 

Hence, equat ions (V.1, 2, 3 and 4) are w r i t t e n  as 

w i t h  

@(O 
2

) = N - ( 0 )  i- NE 

L e t  u s  set ,  (~.7), 

whence, ( V . 7 ' ) ,  

Nt(0,) = (1+ U)N 
E 

(V.104) 


!J (V.lO4I) 

I n  order  t o  study t h e  condi t ions under which t h e  E region i s  
formed, l e t  u s  consider  t h e  genera l  s t a t i o n a r y  s t a t e  def ined by (v.6).  
Taking (V.lO3 and 104) i n t o  account, and by analogy wi th  (v.8,9 and 
lo), w e  w r i t e  equat ions (V.100, 101 and 102) a s  follows: 

(v.106) 



The equation (v.106) immediately y i e l d s  t h e  expression f o r  NE 

(v.108) 
y ( r  + ?/.j)(l+ ZL) 

The condi t ions necessary for a maximum of t h e  e l e c t r o n  concentra
t i o n  (NE)" of  t h e  E region r equ i r e  t h a t ,  (V.19), 

pN(0) > d  + (1+ u)fNE (v.1.09) 

and t h a t ,  (V.l7), 

u = - 	a (v.110)
P 

W e  s h a l l  assume t h a t  t h e  photodetachment i s  n e g l i g i b l e  (d coe f f i 
c i e n t ) ,  s ince  r e l a t i o n s  (V.21 and 3 O ) ,  which admit t h e  predominance of 
photodetachment, cannot represent  an ionospheric  region possessing t h e  
observed p rope r t i e s  of t h e  E region. Hence, we have t o  v e r i f y  condi
t i o n  (V.109) numerically,  where d i s  neglected.  We have ca lcu la ted  t h e  
following average va lues  (IV.59, 37 and 60), a = 2.10-14 cm3 see-1; 

p = 2-10-16;f = 2.10-11,and w e  have a l r eady  ind ica ted  t h a t  NE 2.10
5 

and N ( 0 )  Consequently, condi t ion (V.109) i s  v e r i f i e d  i n  t h e  E 
region.  ' 

Let  u s  now r e t u r n  t o  t h e  condi t ions of a m a x i m u m  e l e c t r o n  concen
t r a t i o n ,  i . e . ,  t o  expressions (V.20, 22, and 23) and we  obtain,  by 
using (v.108), 

(v.111) 


e = 2.718 

wi th  

(v. 112) 



a 1  
u = -,

P 

and 

(V.114) 


These a r e  t h e  fundamental r e l a t i o n s  which p r a c t i c a l l y  d e f i n e  t h e  
s t a t i o n a r y  s ta te  of i o n i z a t i o n  of t h e  E region. Hence, it fo l lows  t h a t  
t h e  d i u r n a l  and noc turna l  conditions should be i d e n t i c a l  as  f a r  as t h e  
mechanisms determining t h e  r a t i o  of t h e  concentration of negative ions 
and e l ec t rons  a r e  concerned. Thus, d e s p i t e  t h e  considerable importance 
of attachment ind ica ted  by t h e  term a N ( 0 ) NE i n  equat ion ( V . l O O ) ,  t h e  

v e r t i c a l  d i s t r i b u t i o n  of t h e  e l ec t ron  concentration (v.108) i s  sub jec t  
t o  a recombination law. Actually,  the following phenomenon t akes  
place: while  t h e  solar r a d i a t i o n  produces p o s i t i v e  i o n s  of molecular 
oxygen and e l ec t rons  by ion iza t ion ,  t h e  e l e c t r o n s  a r e  immediately cap
tured by n e u t r a l  atoms, and t h i s  a s soc ia t ion  produces nega t ive  ions.  
However, t h e  abundance of t h e  l a t t e r  cannot i nc rease  beyond a c e r t a i n  
l i m i t ,  s i nce  p a r t  of them disappear  during t h e  detachment by c o l l i s i o n ,  
which i s  p ropor t iona l  t o  t h e  concentration of n e u t r a l  p a r t i c l e s .  Since 
these  processes of attachment and detachment are very rap id ,  an equi
l i b r i u m  between t h e  nega t ive  ions and e l ec t rons  i s  almost immediately 
e s t ab l i shed .  F ina l ly ,  i f  t h e  genera l  s t a t e  i s  s t a t i o n a r y ,  t h e  recombina
t i o n  of p o s i t i v e  and negat ive  ions balances t h e  production of e l e c t r o n s  
by photoionization. 

When t h e  state i s  not  s t a t i o n a r y ,  observat ion g ives  a l a w  of v a r i a 
t i o n  of t h e  e l e c t r o n  concent ra t ion  which i s  w r i t t e n  as 

dN, 
-= P -ax;
dt  

where P i s  t h e  e l e c t r o n  production and a . i s  t h e  recombination c o e f f i 
c i e n t .  On t h e  o t h e r  hand, based on (V.100 t o  lob) ,  t h e  t h e o r e t i c a l  ex
press ions  are w r i t t e n  as 

l F o r  t h e  de te rmina t ion  of u, w e  have only considered t h e  e f f e c t  of t h e  
oxygen atom. I n  order  t o  o b t a i n  a b e t t e r  prec is ion ,  w e  should t ake  i n t o  
account t h e  e f f e c t s  of N and N on t h e  detachement. Hence, t h e  value of

2 
u could be somewhat lower, but t h e  conclusions remain va l id  i n  a l l  cases.  
Besides, t h e  ob jec t  of our  work i s  t o  po in t  ou t  t h e  e s s e n t i a l  ideas .  



- -- 
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dXE - N ( O z ) i  + ?/NE[ a  + pN(O)]  - cr.N(O)X, - r ( l  + up;; (v.116) 
ut 

a14 
-= 
ax+ 

(1 + f l ) -
d 5 ,  + NE -= N ( 0 2 ) i  - (1’ + uf)/l+ w)N;Z,

3t d t  d t  

dx--I-dN, d1I. 

d t  
zi -+ K,, -= (r.N(O)N, - .?l .N,[d + p N ( 0 )  -I-(1+ Ib)fNEl (v.118) 

d t  d t  

This  system of equat ions i s  too complex and cannot be reduced t o  
a simple form corresponding t o  t h e  l a w  appl ied t o  t h e  observat ions.  
S impl i f iy ing  hypotheses do not  lead t o  any new conclusions.  We t h u s  
have t o  consider  t h e  l i m i t i n g  case corresponding to t h e  s t a t i o n a r y  
s t a t e  where, by v i r t u e  of (v.108 and 111), we have 

(V.1-19) 


(v.120) 


and, f o r  t h e  m a x i m u m  e l e c t r o n  concentrat ion,  

Rela t ion  (V.lll) def ines  t h e  d i u r n a l  i o n i z a t i o n  s ta te  of t h e  E 
region and thus  permits  a comparison wi th  t h e  experimental  results.  W e  
have seen i n  Chapter I t h a t  t h e  observat ions are b e s t  represented by a 

value of  t h e  recombination c o e f f i c i e n t  i n  excess  of 2*10-8(see a l s o  
Figure 6, p. 23). Moreover, during s o l a r  ec l ip ses ,  t h e  r a t i o  of t h e  
decrease i n  t h e  e l e c t r o n  concentrat ion between t h e  f i r s t  and second con
t a c t  and t h e  appearance of a minimum e l e c t r o n  concentrat ion i n  t h e  
middle of t o t a l i t y  r equ i r e  recombination c o e f f i c i e n t  values i n  excess 

of The t h e o r e t i c a l  value of t h e  recombination c o e f f i c i e n t  i s  
given by expression (V.112). Let  u s  a l s o  r e c a l l  t h e  numerical  values  
ca lcu la ted  f o r  average condi t ions i n  Chapter Tv (IV.39, 37, 60 and 57) 

W e  t h e r e f o r e  have for 01 



O! = 2.10-7 (v.122) 

The va lue  of t h i s  c o e f f i c i e n t  is ,  the re fo re ,  of t h e  order  of mag
ni tude  of t h e  observed c o e f f i c i e n t .  

Let  u s  r e c a l l ,  however, t h a t  t h e  va lues  of t h e  c o e f f i c i e n t s  of 
d iu rna l  or nocturnal  recombination correspond t o  a f i x e d  physical  s t a t e .  
I n  addi t ion  t o  t h e  l a c k  of prec is ion  i n  t h e  determination, one cannot 
overlook t h e  v a r i a t i o n s  r e s u l t i n g  from t h e  f a c t  t h a t  t h e  physical  condi
t i o n s  of t h e  upper atmosphere d i f f e r  wi th  t h e  l a t i t u d e ,  t h e  a l t i t u d e  and 
even t h e  seasons. 

From t h i s  r e l a t i v e l y  high value of t h e  e f f ec t ive  recombination 
coe f f i c i en t ,  we deduce t h a t  t h e  value of 8NE/ 8 t  i s  low during most of 

t h e  day as compared t o  t h e  absolu te  values of t h e  e l e c t r o n  production 
and recombination. Thus, t h e  equi l ibr ium i s  p r a c t i c a l l y  reached a t  any 
i n s t a n t  t .  This i s  i n  good agreement wi th  t h e  experimental r e s u l t s  
(Figure 2, p .  16) where 

F ina l ly ,  i n  Chapter IV, we have determined t h e  value of i, of 02 

(IV.24), and i n  Chapter V, t h e  number of molecules %(02), (V.62). Hence, 

from (V.lll), i f  s inh  
0 

= 1, and T
S 

= 6,000°, we f ind  

This  value of t h e  e l e c t r o n  concentrat ion i s  of t h e  order  of magni
tude of t h e  e l e c t r o n  concentrat ion observed i n  t h e  E region. 

The F
1 

region 

The d i u r n a l  behavior of t h e  ion iza t ion  s t a t e  of t h e  F
1 region i s  

p a r t l y  i d e n t i c a l  t o  t h a t  of t h e  E region. Indeed, t h e  ex is tence  of t h e  
F1 region i s  observed a t  e q u a t o r i a l  l a t i t u d e s  throughout t h e  year, where

as a t  high and middle l a t i t u d e s ,  t he  region p e r s i s t s  only for heights  of 



t h e  sun of t h e  order  of 45'. I n  o the r  words, t h e  F
1 

region appears 

only when t h e  a l t i t u d e  i s  lowest, and i n  t h i s  case it possesses proper
t i es  analogous t o  those of t h e  E region.  It i s  the re fo re  necessary,  
t ak ing  i n t o  account t h e  condi t ions spec i f i ed  i n  Sec t ion  2, t o  assume 
t h a t  t h e  d i u r n a l  r a t i o  u of t h e  concentrat ion of negat ive ions  t o  t h a t  
of t h e  e l ec t rons  i s  constant .  

We have shown (Section 3) i n  t h e  determinat ion of t h e  o r i g i n  of t h e  
ionospheric regions t h a t  t h e  oxygen and n i t rogen  atoms are respons ib le  
for t h e  formation of t he  F1 region. Hence, t h e  genera l  formulas (IV.1, 

2, 3) applied t o  these  two atoms are w r i t t e n1 

(V.124) 


(v. 125) 

(v.126) 


(v. 127) 

Since 

s+(xj -I- x+(o) = S-toj + x~:  (v. 128) 

we have, by s e t t i n g  

If. E 
>:-(o).
XE 

(1 -1- ")S,  == X + ( S )  -I- S + ( O )  

'If N2 were a c t u a l l y  involved i n  t h e  ion iza t ion  of F1' t he  t h e o r e t i c a l  

considerat ion would be wholly appl icable .  



I n  addi t ion ,  l e t  u s  set 

Taking (v.128 t o  131) i n t o  account, we  w r i t e  equations ( V . 1 2 5  t o  
127) f o r  a s t a t i o n a r y  s ta te  

I n  t h e  case of s t a t i o n a r y  s t a t e ,  r e l a t i o n  ( V . 2 0 )  imposes t h e  
condition 1 

p [ N ( O )  + X(N)]> f ,N+(O)  + f.X+(N) (v.135) 

and 

11. 	 = rrN (0 )  - a 

p[N(Oj + X ( N ) J  ( I C  -I- 1)p 

Whence 

ATTE: = N ( O ) i (0 )  N(N) i (N)1/ (1 -1- t C ) ( 9 ' 1  + ?f,ffl, '--(I + , I l ) ( l * .  + I r j . )  

From these  t h e o r e t i c a l  cons idera t ions  w e  immediately i n f e r  t h a t  
t h e  term f @ N - i s  l e s s  important i n  t h e  F region than  i n  t h e  E region1 


because t h e  nega t ive  ions of n i t rogen  do not  e x i s t ,  and t h e  recombina
. t i o n  between l!l+,O+ and 0- i s  weaker than  between 0; and 0- ( c f .  1v.61). 

The p o s s i b i l i t y  of condi t ion  ( V . 1 3 5 )  and a l s o  a lower value of t h e  recom
b ina t ion  c o e f f i c i e n t  should t h u s  r e s u l t .  Unfortunately,  t hese  t h e o r e t i 
c a l  cons idera t ions  can only  be q u a l i t a t i v e ,  s ince  it i s  impossible t o  
determine t h e  values of f l  and f2 and of t h e  r a t i o  w given by ( V . 1 3 1 )  

wi thout  an a r b i t r a r y  hypothesis.  

'In order  t o  f a c i l i t a t e  t h e  nota t ion ,  it is i m p l i c i t l y  assumed t h a t  t h e  
c o e f f i c i e n t  p i s  t h e  s a m e  f o r  0 and N. 



The experimental  value of t h e  recombination c o e f f i c i e n t  has not 
been determined very p rec i se ly ,  b u t  it i s  of t h e  order  of or less than  

IO-8 . By adopting t h i s  value,  w e  a r e  able t o  determine an order  o f  mag
n i tude  f o r  t h e  e l e c t r o n  concentrat ion.  If we consider t h e  s i m p l e  case 
(V .40)  

and (IV.28) 

i, = 7.8.10-8 

w e  immediately obtain 

a value which agrees  wi th  the  observed values  of' t h e  e l ec t ron  concentra
t i o n  of t h e  F1 region. 

L e t  u s  now r e t u r n  t o  t h e  condi t ion (V.133) necessary for an i n t e r 
p r e t a t i o n  of t h e  d i u r n a l  behavior of t h e  F1 region. This condi t ion i s  

met so  long a s  t h e  sun i s  located a t  an angle  of a l t i t u d e  r e l a t i v e l y  high 
above t h e  horizon; i . e . ,  when t h e  a l t i t u d e  of t h e  F region i s  a t  i t s  
minimum. 1 


When t h e  sun i s  very low (a t  sunse t  o r  i n  winter) ;  t h e  a l t i t u d e  of 
t he  region increases  while t h e  pN f a c t o r  diminishes u n t i l  it becomes 
neg l ig ib l e .  From t h a t  moment on, t h e  condi t ions change and we f ind  
again t h e  noc turna l  condi t ions,  where we have seen t h a t  

A t  t h i s  stage,  t h e  l a w  of attachment causes t h e  disappearance of t h e  
F1 region as we have shown i n  Sect ion 4. 

I n  o the r  words, the  F1 region i s  formed i n  a t r a n s i t i o n  zone of t h e  

ionosphere separa t ing  two regions where t h e  p rope r t i e s  per ta in ing  t o  t h e  
equi l ibr ium of negat ive ions and e l ec t rons  are d i f f e r e n t .  I n  t h e  E r e 
gion, w e  have an e f f e c t i v e  recombination c o e f f i c i e n t  such t h a t  t h e  



electron attachment has no effect on the vertical distribution of the 

electeon concentration. On the contrary, in the F2 region, the nocturnal 


conditions have revealed the effect of attachment on the variation and 

vertical distribution of the electron concentration. Hence, a peculiar 

situation of the F1 region results between the E and F2 regions; depend


ing on its altitude, the F1 region is subjected to the laws of the E 


region or to $hose of the F2 region. 


A numerical application gives the following results: 


(f - r)NE = 1.8.10-11.. (V.140)
NE 

We see that for a concentration of 2.6'105 electrons (v.138), the 
values of the terms pN and (f - ')NE are of the same order of magnitude. 

This numerical result confirms the preceding theoretical deductions. 


The F
2 
Region 

The general law of nocturnal variation of the electron concentra

tion has revealed the special properties of the atmospheric range cor

responding to the F

2 
region. Although we have not yet determined the 


origin of this region, we do know the process of its formation. Indeed, 

we can find no atom whose photoionization maximum is located at altitudes 

as high as that of the F2 region; it is possible, however, by virtue of 


deductions inSection 2 (formulas v.34 to 38), to find a maximum electron 

concentration at an altitude in excess of that of the production maximum. 


Let us return to expressions (V.34 to 38) and apply them to the 
oxygen atom. Let us denote by N (0)the oxygen concentration at the 

F1 
altitude of t5e maximum electron concentration of the F1 region, and by
N
F2
(0)the concentration of oxygen at the altitude of the maximum elec

tron concentration of the F
2 
region. We cari then write, (V.36'), 
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(V.141) 


and if a i s  t h e  recombination c o e f f i c i e n t  of t h e  F2 region, (v.36"), 

with  (V.20) 

0.43) 

and (V.34) 

(V.144) 


when 	1 i s  n e g l i g i b l e  compared t o  11. 

From r e l a t i o n s  (V.142and 143), we deduce 

which, if  u i s  known, makes it poss ib le  t o  determine t h e  p rope r t i e s  of 
t h e  F2 region as a func t ion  of t he  d a t a  obtained on t h e  F1 region. 

The expression of t h e  maximum e l e c t r o n  concent ra t ion  of t h e  F2 r e 

gion i s  given by (v.38) (uf  > r) 

X7LNF2 (0)
I
I-

siiihn I (V.146) 

I n  order  t o  e l u c i d a t e  t h e  meaning of t h e  f i n a l  expressions (V.145 
and 146), l e t  u s  consider t h e  case of observa t ions  which are always 
represented by a l a w  of t h e  form 
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where P -is t h e  e l e c t r o n  production and o! i s  the  recombination c o e f f i c i e n t .  
Let u s  express t h e  condi t ion of a maximum e lec t ron  concentrat ion i n  t h e  
s t a t iona ry  case by wr i t i ng  

I n  order  t o  f ind  t h e  expression (V.141o r  142), we have t o  set 

(v.148) 


and .-trS(0) (v. 149)
sE 

i.e:, r e l a t i o n  (V.147)i n  t h e  e x p l i c i t  form should be wr i t t en ,  (V.148 
and 149), as 

This equation, expression t h e  ion iza t ion  s t a t e  of t h e  F2 region, 

corresponds t o  t h e  genera l  equation (V.l), where t h e  t e r m s  corresponding 
t o  the  photodetachment and detachment by c o l l i s i o n  a r e  neglected i n  t h e  
presence of t h e  term represent ing  t h e  photoionizat ion.  

The f i n a l  expression (V.146)makes it poss ib le  t o  determine t h e  
orders  ofmagnitude which may be a t t a ined  by t h e  e l ec t ron  concentrat ion 
of t he  F2 region. Le t  u s  note  first t h a t  t h e  exponent ia l  term rap id ly  

approaches l w i t h  r i s i n g  a l t i t u d e  of t h e  F2 region as a resul t  of t h e  

decrease i n  t h e  molecular concentrat ion.  Indeed, a t  t he  l e v e l  of t h e  
F1 region, w e  have, i f  sinha = 1, (V.143), 
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so t h a t  f o r  a l l  p r a c t i c a l  purposes we can always assume t h a t  t h e  value 
of t h e  exponential  terms i s  of t h e  order  of 1 i n  t h e  F2 region. Moreover, 

t h i s  result i n d i c a t e s  t h a t  t h e  e l e c t r o n  concentration i n  t h e  F2 region i s  

not  a d i r e c t  func t ion  of t h e  he ight  of t h e  sun above t h e  horizon. 

The values of i, (0) have been determined (IV.27and 28); 

Whence, t h e  h ighes t  value of (NE) i s  given, (V.146), bym a x  

= 1.3'1-06 t o  3.9'106 . 

These e l e c t r o n  concent ra t ions  agree wi th  t h e  order  of magnitude of 
t h e  observed concentrations.  

F ina l ly ,  s ince t h e  value (V.144) of u i s  a func t ion  of t h e  r a t i o  
N(0)/NE, we r e a d i l y  v i s u a l i z e  t h e  complexity of t h e  va r i a t ions  of t h e  

e l e c t r o n  concentration by examining t h e  fundamental r e l a t i o n  (V. 145). 
We are no longer dea l ing ,  a s  i n  t h e  E and F regions,  wi th  simple proper
t i e s  which a r e  independent of t h e  a l t i t u d e  (cons tan t  recombination coef
f i c i e n t ) ,  bu t  wi th  p rope r t i e s  which involve both molecular and e l e c t r o n  
concentrations which are no longer independent va r i ab le s .  If we add 
t h a t  t h e  s t a t i o n a r y  case considered i s  a simple case f o r  t h e  F2 region, 

where equilibrium i s  not always reached ( e l e c t r o n  concentration i n 
creas ing  wi th  time), we have thus  determined t h e  o r i g i n  of t h e  extreme 
complexity of t h e  v a r i a t i o n s  of t h e  e l e c t r o n  concentration i n  t h e  upper 
ionospheric region. 

I n  conclusions, t h e  F
1 

and F
2 

regions have t h e i r  o r i g i n  i n  t h e  

photoionization of t h e  same elements acted upon by t h e  same s o l a r  r a d i a 
t i o n .  The F region i s  formed a t  t h e  l e v e l  of maximum ion iza t ion  owing

1 

t o  an equilibrium between t h e  production of e l ec t rons  and t h e  recombina
t i o n  whose c o e f f i c i e n t  i s  constant.  The formation of t h e  F2 region a t  

an a l t i t u d e  g r e a t e r  than  t h e  a l t i t u d e  of t h e  photoionization maximum re
s u l t s  from t h e  equilibrium between t h e  production of e l ec t rons  and t h e  
recombination whose c o e f f i c i e n t  i s  a func t ion  of t h e  a l t i t u d e  



(predominant attachment).  This  unexpected behavior-since one could 
assume a p r i o r i  an attachment e f f e c t  which i s  most important i n  t h e  
lower regions-is explained by t h e  d u a l i t y  of t h e  equi l ibr ium between 
t h e  mechanisms a f f e c t i n g  t h e  negat ive ions .  I n  t h e  E region and i n  t h e  
d i u r n a l  F1 region, w e  ob ta in  a constant  r a t i o  of t h e  concentrat ions of , 

negat ive ions t o  those of t h e  e lec t rons .  

i n  t h e  F2 region, t h e  same r a t i o  a c t u a l l y  depends 

I n  t h e  nocturnal  F
1 

region and 

on t h e  atomic and 

e l ec t ron  concentrat ion.  

I n  o the r  words, w e  have t h e  following phenomena: during t h e  pro
duct ion of  e l ec t rons  by photoionizat ion,  t h e  e l ec t rons  are captured by 
n e u t r a l  p a r t i c l e s  possessing a s u f f i c i e n t  e l e c t r o n  a f f i n i t y .  The a t t a c h 
ment, which i s  propor t iona l  t o  t h e  concentrat ion of  t h e  n e u t r a l  p a r t i 
c l e s ,  becomes more important t h e  lower t h e  a l t i t u d e  of t h e  ionized re 
gion; it is ,  therefore ,  m a x i m u m  f o r  t h e  E region and minimum f o r  t h e  F2 


region. The attachment i s  o f f s e t  by detachments through c o l l i s i o n  wi th  
n e u t r a l  p a r t i c l e s  and p o s i t i v e  ions.  I n  t h e  E region and t h e  d i u r n a l  
F

1 

region, t h e  detachment by c o l l i s i o n  wi th  n e u t r a l  p a r t i c l e s ,  which is  

the re fo re  propor t iona l  t o  t h e i r  concentrat ion,  i s  t h e  most important.  
An equi l ibr ium resu l t s  between t h e  attachment and detachment of e l ec 
t rons  t o  and through n e u t r a l  p a r t i c l e s ,  i . e . ,  a dynamic equi l ibr ium i n 
dependent o f  t h e  a l t i t u d e ,  and i n  t h e  f i n a l  ana lys i s ,  a constant  e f f e c 
t i v e  recombination c o e f f i c i e n t .  This explains  t h e  formation of  an ion
ized region (E region and d i u r n a l  F1 region)  a t  t h e  l e v e l  of  t h e  m a x i m u m  

e l ec t ron  production. I n  t h e  F2 region, t h e  c o l l i s i o n s  of negat ive ions  

wi th  pos i t i ve  ones are more e f f e c t i v e  than  t h e  c o l l i s i o n s  wi th  n e u t r a l  
p a r t i c l e s .  I n  t h e  case of an equilibrium, a r a t i o  of negat ive ions  t o  
e l ec t rons  resul ts  which i s  a func t ion  o f  t h e  concentrat ion of n e u t r a l  
p a r t i c l e s ,  and, i n  t h e  f i n a l  ana lys i s ,  an equivalent  recombination 
coef f ic ien t  which i s  no longer  constant  b u t  decreases  wi th  t h e  a l t i t u d e .  
This  expla ins  the  formation of an ionized region (F2 region)  a t  an a l t i 

tude  g r e a t e r  than  t h a t  of t h e  m a x i m u m  e l ec t ron  production. 

Sect ion 6. Diurnal,  Seasonal and Geographical Var ia t ions  

From t h e  s tudy of d i u r n a l  condi t ions (Sect ion 5 )  of ion iza t ion ,  it 
is  easy t o  deduce t h e  d iu rna l ,  seasonal  and geographical va r i a t ions .  
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I n  t h e  case of t h e  E and F1 regions,  we have t h e  simple law (V.23, 
111) 

e = 2.718 
f 

where NM i s  t h e  molecular or atomic concentrat ion a t  the  a l t i t u d e  of  t h e  

photoionizat ion maximum f o r  a sun a t  t h e  zeni th .  Hence, C being a con
s t a n t ,  w e  have 

and we wr i t e  

(N
E 

)max = C(sinho) 1 / 2  

This i s  permissible  so long a s  t h e  phys ica l  condi t ions remain t h e  
same, i .e. ,  i n  p a r t i c u l a r ,  so long a s  and i, remain constant .  

I n  t h e  course of a day, a t  a given s t a t i o n ,  NM and i, may be 

considered constant (except i n  t h e  case of s t rong  p'erturbations) and 
(V.152) represents  t h e  d i u r n a l  e l ec t ron  v a r i a t i o n  i n  accordance wi th  
t h e  observation (Chapter I, (1.1)and Figure 2 ) .  

I f  a l l  t h e  condi t ions remain i d e n t i c a l  i n  the  course of t h e  year,. 
equation (V.152) app l i e s .  However, i f  t h e  s t a t e  of d i s s o c i a t i o n  of O2 

i n  p a r t i c u l a r  i n  t h e  E region, and t h e  s o l a r  emission i, i n  general ,  

undergo va r i a t ions ,  t h e  value of t h e  constant may be d i f f e r e n t ,  and 
t h i s  explains  t h e  disagreements between t h e  observat ion and t h e  theo
r e t i c a l  curves i n  Figure 4. We s h a l l  r e t u r n  t o  t h i s  po in t  i n  t h e  f o l 
lowing sec t ion .  

Furthermore, it w i l l  be r e a d i l y  accepted t h a t  t h e  v e r t i c a l  d i s t r i 
but ion of t h e  molecular and atomic concen t r a t ions ' i s  not  t h e  same a t  
a l l  l a t i t u d e s .  I n  p a r t i c u l a r ,  t h e  d i s soc ia t ion  equilibrium of O2 cannot 

take  p lace  under the  same condi t ions a t  t h e  poles  and a t  t h e  equator.  
Hence, t h e  r a t i o  NM/a w i l l  no t  be i d e n t i c a l  f o r  a l l  t h e  s t a t i o n s ,  and 



t h a t  i s  why f o r  t h e  same day of t h e  year,  t h e  constant  C w i l l  have 
values which w i l l  depend on t h e . l a t i t u d e .  It i s  impossible t o  determine 
these  values so long as the  v e r t i c a l  s t r u c t u r e  of t h e  upper atmosphere 
has not  been studied along a meridian. 

A s  f a r  as the  F2 region i s  concerned, t he  d iu rna l ,  seasonal  and 

geographical v a r i a t i o n s  cannot be s t u d i e d  t h e o r e t i c a l l y  before t h e  ob
serva t ion  has been ab le  t o  determine t h e  exact  a l t i t u d e  of t h e  maximum 
e lec t ron  concentrat ion.  I n  a study of noc turna l  condi t ions (Sect ion 4) 
and d i u r n a l  condi t ions (Section 5 ) ,  w e  have s u f f i c i e n t l y  out l ined  t h e  
p rope r t i e s  c h a r a c t e r i s t i c  of t h i s  region. 

Sect ion 7. Eleven-Year Var ia t ion  of t he  Ion iza t ion  

If t h e  o r i g i n  of t h e  var ious regions of t h e  ionosphere i s  explained 
by t h e  e f f e c t  of well-defined s o l a r  r ad ia t ions  (Sect ion 3), we s t i l l  
have t o  show t h a t  t he  v a r i a t i o n  of t h e  emission of these  r ad ia t ions  i s  
capable of accounting f o r  t h e  va r i a t ion  of t h e  ion iza t ion  i n  t h e  course 
of a period of an eleven-year s o l a r  ac t ivb ty .  Two poin ts  should, t h e r e 
fo re ,  be considered: (1)t h e  i n t r i n s i c  v a r i a t i o n  of t he  s o l a r  emission; 
(2) t h e  v a r i a t i o n  of t h e  maximum e lec t ron  concentrat ion of each iono
spheric  region.  

From t h e  l a w s  giving the  s t a t i o n a r y  values  of t h e  maximum e lec t ron  
concentrat ion,  we deduce f o r  t h e  E and F

1 region (V.151 and IV.21), 

where Y i s  an average value of t h e  absorpt ion c o e f f i c i e n t  and where Q i s  
t h e  number of  s o l a r  quanta producing t h e  ion iza t ion ,  

and, for t h e  F
2 

region (V.146), 

(STE)mnx= XQ (v. 154)t i, 


If w e  compare t h e  values of t h e  e l e c t r o n  concentrat ions during a 
maximum (N

E 
)

m a x , M  
and a minimum ( N

E 
)

m a x , m  
of s o l a r  a c t i v i t y ,  we obtain 

f o r  t h e  F1 regions ( V . 1 5 3 ) ,  
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provided t h a t  t h e  same he ight  of  sun i s  considered. 

For t h e  F2 region we write, (V.l54), 

where t h e  he ight  of sun i s  not  involved. 

A comparison of expressions (V.155 and 156) gives  t h e  following 
r e l a t i o n ,  provided t h a t  t h e  value of t h e  e l e c t r o n  concentrat ion be 
reduced t o  a height  of sun equal  t o  90°, 

s ince  t h e  ion iza t ion  resul ts  from t h e  absorpt ion of t h e  same s o l a r  r a d i a 
t i o n s .  Moreover, i f  w e  assume t h a t ,  t o  a f i r s t  approximation, t h e  varia
t i o n  of t h e  s o l a r  emission i s  t h e  same i n  t h e  s p e c t r a l  range between 

h 1000 and h 900 8 , l  w e  can w r i t e  f o r  t h e  same he ight  of sun (V.153 
and V.155), 

Rela t ions  (V.157and 158) are i d e n t i c a l  t o  r e l a t i o n  (I.9), deduced 
from observa t iona l  da ta ,  and thus  determine t h e  e f f e c t  of t h e  s o l a r  
a c t i v i t y  on t h e  var ious  ionized regions.  

L e t  u s  now r e t u r n  t o  t h e  experimental  condi t ions which we examined 
i n  Chapter I, p a r t i c u l a r l y  i n  Sec t ion  3 and Figure 5, where w e  compared 
t h e  va r i a t ions  of t h e  s o l a r  emission based on a r b i t r a r y  numbers of  
f a c u l a r  plages wi th  t h e  monthly v a r i a t i o n s  of  (N

E 
)

m a x  
/sinha of  t h e  

’Actually, t h e r e  w i l l  always be a d i f f e rence  i n  t h e  va r i a t ions  of t h e  
photospheric and chromospheric emissions, and SE w i l l  be s l i g h t l y  d i f 
f e r e n t  from SF. 



E region. I n  t h i s  p a r t i c u l a r  case,  we showed t h e  pa ra l l e l i sm between 
t h e  two va r i a t ions .  Hence, by tak ing  r e l a t i o n s  (V .153  and 154) and 
(V.157 and 158) i n t o  account, it i s  poss ib le  t o  de f ine  t h e  ionospheric 
c h a r a c t e r i s t i c s  of t h e  s o l a r  a c t i v i t y .  

The r e l a t i o n  between t h e  c r i t i c a l  frequency (observa t iona l  d a t a )  
and t h e  e l ec t ron  concentrat ion (see In t roduct ion ,  formula 2.7) i s  given 

Moreover, w e  know (V.153) t h a t  when t h e  condi t ions are s t a t iona ry  
we  have f o r  t h e  E and F1 regions,  

(v.160) 


and f o r  t h e  F2 region 

(v.161) 


Consequently, (V.159,160 and 161), w e  have 

(v.162) 

where CE, C and CF de f ine  t h e  ionospheric c h a r a c t e r i s t i c s  of tfhe s o l a r  
F1 2 

a c t i v i t y .  Since s t a t i o n a r y  condi t ions always exis t  a t  noon f o r  t h e  E and 
F1 regions,  CE and C

F1 
are always def ined.  I n  t h e  case of t h e  F2 region,  

t h e  value of C 
F2 

cannot be w e l l  known unless  t h e  o t h e r  v a r i a t i o n s  p lay  

only a secondary r o l e  o r  could be el iminated.  

The f a c t  t h a t  t h e  v a r i a t i o n  of t h e  atmospheric i on iza t ion  follows 
t h e  v a r i a t i o n  of  t h e  number of  f a c u l a r  plages and f acu lae  makes it pos
s i b l e  t o  a t t r i b u t e  i t s  o r i g i n  t o  t h e  v a r i a t i o n  of t h e  continuous r ad ia 
t i o n  of t h e  f acu lae  re la t ive  t o  t h a t  of  t h e  photosphere, and t o  t h e  ra
d i a t i o n  of t h e  f a c u l a r  plages r e l a t ive  to t h a t  of  t h e  chromosphere. I n  
o the r  words, during t h e  s o l a r  a c t i v i t y  minimum, t h e  photospheric r ad ia 

0t i o n  ( A  > 910 8) and t h e  chromospheric r a d i a t i o n  ( A  < 910 A) o r i g i n a t e  
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g loba l ly  from t h e  e n t i r e  photosphere and from t h e  e n t i r e  chromosphere. 
However, during t h e  s o l a r  a c t i v i t y  m a x i m u m ,  t he  g loba l  r a d i a t i o n  of t h e  
faculae  and f a c u l a r  plages i s  t h e  most important.  We have shown (Figure
14) t h a t  i f  a temperature of 7,500°K i s  adopted f o r  t h e  faculae ,  and a 

t o t a l  surface equal  t o  t i m e s  t h a t  of t h e  photosphere i s  assumed, 
t h e  continuous r a d i a t i o n  of t h e  faculae  i n  t h e  s p e c t r a l  region of XX . 

1000-910 i s  g r e a t e r  than  t h a t  of t h e  photosphere. This explanat ion 
makes it poss ib le  t o  understand t h e  observa t iona l  results according t o  
which t h e  ion iza t ion  i n  t h e  upper atmosphere i s  never r e l a t e d  t o  t h e  

appearance or disappearance of a given spot  ( sur face  area < 10-3 t h e  
a rea  of t he  photosphere) b u t  undergoes v a r i a t i o n s  which are r e l a t e d  t o  
t h e  g loba l  f a c u l a r  sur face .  

I n  t h e  s p e c i a l  case of a s o l a r  ec l ip se ,  where t h e  f r a c t i o n  of t h e  
v i s i b l e  photospheric sur face  i s  markedly lower than t h e  t o t a l  sur face ,  
it i s  possible  t h a t  t h e  e f f e c t  of a f a c u l a  might inf luence t h e  ion iza
t i o n  of t h e  E region.  A s  an example, l e t  u s  consider  t h e  s o l a r  edge a t  
a temperature of 4,700°K and a facula of equal  sur face  a t  7,500°K. The 

0r a t i o  of t he  numbers of photospheric and f a c u l a r  quanta f o r  X <lo00 A 

calculated wi th  formula (11.3) i s  of t h e  order  of IO-’. I n  o the r  words, 
a f acu la  a t  t h e  edge of t h e  sun may e m i t  a r a d i a t i o n  exceeding t h a t  of 
t h e  v i s i b l e  f r a c t i o n  of t h e  s o l a r  d i sk ,  if t h e  sur face  i s  g r e a t e r  than  

lo-? t i m e s  t h a t  of t h e  edge of t h e  d i s k .  Consequently, t he  e f f e c t  of a 
f acu la  which i s  c lose  t o  t h e  s o l a r  edge may r e f l e c t  on t h e  ion iza t ion  
of t he  E region, whereas t h e  ion iza t ion  of t h e  F region, subjected t o  
t h e  chromospheric emission, w i l l  not be  a f f ec t ed .  

Sect ion 8. Per turba t ions  of t h e  Ion iza t ion  S ta t e  

Although it i s  poss ib le  t o  r e s o r t  t o  s i m p l e  not ions such as photo-
ion iza t ion  and recombination i n  order  t o  determine t h e  ion iza t ion  state 
of t h e  var ious ionospheric regions,  t h i s  i s  no longer  t h e  case when one 
deals wi th  the  problem of t h e  o r i g i n  of t h e  var ious per turba t ions .  The 
easy so lu t ion  i s  t o  assume t h a t  t h e  sun emits n e u t r a l  or charged p a r t i 
c l e s ,  depending upon t h e  circumstances. Thus, for a l l  t h e  cases of non
uniformity of i on iza t ion  (abnormal E region, sporadic ion iza t ion ,  iono
spher ic  storm), one can accept ds a working hypothesis t h e  ex is tence  of 
n e u t r a l  beams of charged p a r t i c l e s  such t h a t  t h e i r  p rope r t i e s  a r e  s u i t 
able f o r  observat ion.  However, such a theory i s  a geometrical  theory  



i n  t h e  sense t h a t  it determines t h e  t r a j e c t o r y  t r ave led  by p a r t i c l e s  
whose mass, charge and energy a r e  adequate f o r  expla in ing  t h e  effects 
observed i n  t h e  atmosphere subjected to the a c t i o n  of t h e  earth's magne
t i c  f i e l d .  Eowever, no geometr ical  theory  provides any ind ica t ions  on 

' t h e  t r a n s f e r  of energy from t h e  inc iden t  p a r t i c l e s  to t h e  atmospheric 
p a r t i c l e s  and on t h e  p o s s i b i l i t i e s  of var ious  forms of e j e c t i o n  of solar 
p a r t  i c l e s  . 

Actually,  it i s  necessary  to consider t h e  f a c t  t h a t  t h e  equi l ibr ium 
i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of  t h e  cons t i t uen t s  of t h e  upper atmosphere 
may be upset .  For example, during an i n t e n s e  ionospheric (or magnetic) 
storm, marked modif icat ions are observed i n  t h e  d i s t r i b u t i o n  of t h e  
e l e c t r o n  concentration.. During t h e  f irst  phase, the zone corresponding 
to t h e  normal e l e c t r o n  concent ra t ion  no longer  exists, owing to a dis 
placement of t h e  e l ec t rons  which s t e a d i l y  lowers t h e  l e v e l  of maximum 
concentration. Th i s  in f luence  i s  a mani fes ta t ion  of an abnormal reduc
t i o n  i n  t h e  thickness  of t h e  l aye r ,  as i f  t h e  l a t te r  w e r e  subjected to 
an e f f e c t  of t u rbu len t  d i s i n t e g r a t i o n .  A s  a result of t h i s  phenomenon, 
an in t ense  ion iza t ion  occas iona l ly  appears below 100 km. As  soon as t h e  
abnormal echo of t h i s  l a y e r  has  disappeared, a marked increase  i s  ob
served i n  t h e  min imum of t h e  v i r t u a l  he ight  of t h e  F

2 
region-an inc rease  

which may reach  800 km. This  increase  corresponds to a considerable  de

6 
crease of t h e  e l e c t r o n  concentrat ion,  which drops from 10  e l ec t rons  t o  

3about 10 , as if  t h e  ionosphere had undergone a considerable  expansion. 

It i s  d i f f L c u l t  t o  account f o r  a l l  these phenomena. Is t h e r e  a 
v e r t i c a l  t r anspor t  of the gaseous masses, a disappearance of  t h e  e l ec 
t r o n s  through recombination, a decrease i n  the number of e f f e c t i v e  c o l l i 
s ions ,  a t r a n s p o r t  toward t h e  po la r  regions,  o r  t h e  opposi te ,  an i n f l u 
ence of t h e  e a r t h ' s  magnetic f i e l d ,  a real  expansion of t h e  atmosphere?
At t h e  present  t i m e  nothing i s  known about t h e s e  quest ions.  However, if 
we assume t h e  a r r i v a l  of solar part ic les  o r  a t  least t h e  sepa ra t ion  of 
t h e  p a r t i c l e s  wi�h p o s i t i v e  and negat ive charges i n  the h ighes t  region 
of t h e  upper atmosphere, we  also have to assume the exis tence  of e l e c t r i c  
f i e l d s  whose e f f e c t s  w i l l  be d i f f e r e n t  depending upon t h e  a l t i t u d e ,  and 
which may proauce the d isaggrega t ion  of the normal ionosphere during 
c r i t i c a l  condi t ions.  

In view of t h e  complexity of the theoretr ical  s tudy  of this problem, 
and given t h e  lack of  q u a n t i t a t i v e  observa t iona l  data, simultaneous 
studies a r e  necessary on t h e  f i n e  s t r u c t u r e  of t h e  magnetic storm, ion
ospheric  storms and a u r o r a l  emission before  any acceptable  conclusions 
a r e  drawn. 



Sectlion 9. Sudden Fade-0u-i; 

The d i f f i c u l t i e s  which are encountered i n  an e:fplsnatiiln of t h e  
ionospheric pe r tu rba t ions  disappear  as soon as it, is  poss lb le  tu shrjw 
t h a t  the Ebnormal i o n i z a t i o n  is due t o  u l t r a v i o l e t  rfldlations, not t o  
charged p a r t i c l e s .  Such i s  t h e  case of the sudden fade-out,  v h m e  pro
p e r t i e s  were described I n  Chapter I. 

The remarkable coincjdence between -the observatdon of a solar erup
%-ionand the appearance o f  a sudden fade-out i n  the s u n l j t  hemisphetr~ 9s 
proof of a d i r e c t  e f fec t  of the electroraagne-tSc rzdfattori. The sudden 
cessation of the echoes of t h e  E and F regjons and t h e  reinforceincnt of 
long waves are due t o  a sudden increase  of ionizatTon i n  t h e  D regLon, 
where t h e  molecular concentration 2s r e l a t i v e l y  high. 

For this phenomenon t o  t ake  place, it i s  necessary that n radia
t i o n  of a p a r t l c u l a r  I n t e n s i t y  be emitted during an erupt ion .  Further
more, i.t Ls necessary t h a t  t h i s  r a d i a t i o n  leave the iontzat ion state of 
tiie E and F regions unaffected.  M"xmer, it shmhd  not be cil~surbcri -in 
i.he attinspheric regLon locate3 above tbe D region. i n  additlura,  it 
should ionize a c h a r a c t e r i s t i c  cons t i t uen t  of the atmosphere a% an =vex'
*ige a l t j t u d e  of' 80 krn. F ina l ly ,  the nature of 'chis n i d i x b i o ~ ~should be 
d i f f e r e n t  from a11 tbose whic3-1 detar i i ine the ionizeti~nstz,ts of the 
upper atmosphere. 

On the basis 01' t h e s e  c r i t e r i a ,  we can ssume t h a t  a con%FriUaia 
emissfon related to t h c  photospheric errdssFon cannot be 5nvLtolved, sime 
t h e  spectrutrl of 8n erupt ion  i s  e s s e n t i a l l y  a l'lne spectrum. 1% is 
evident th;i.t a chroniospheric rad iak ion  w i t h  wavelengths of less t.hsn 

910 8 should not be considered, s ince  it i s  completp.2~absorbed i n  the 
i'

F region. Tlie r a d i a t i o n  emitted i n  t h e  range of 1003 t o  910 d can ijniy 
0
have a secondary importance, o lhemise t h e  r a d i a t i o n s  L, (Yr2.6 A) and 

L r (930.8 81,loca ted  i n  the range of pre ion iza t ion  bands of a,, WQLIM 
i 

determine t h e  ion iza t ion  s t a t e  o f  t h e  E region. 

The sudden rade-out should, t he re fo re ,  result fi'oiti t h e  ernjssicm of 
h 

a r a d i a t i o n  w i t h  wavelengths i n  excess of 1000 x .  However,  we have 

shown (Chapter 11, Sect ion  3, D )  " ca t  t h e  r a d i a t i o n  La (1,215.78) 
dur-ing an e rup t ion  of a given sur face  and Intensity can exceed t h e  ra
d i a t i o n  o f  t h e  continuous photospheric spectrum. Consequently, the 



e rup t ive  L r a d i a t i o n  may e m i t  quanta whose number i s  g r e a t e r  t han  t h a t  
a! 

of  the normal photosphere and which can reach  t h e  atmospheric reg ion  
loca ted  below t h e  E region.  However, i n  order  t o  expla in  t h e  fade-out, 
f.t i s  necessary t o  know t h e  process by which t h e  ionizatLon undergoes 
t h e  necessary increase .  We mus t  immediately e l imina te  t h e  p o s s i b i l i t y  
of t h e  atmospheric cons t i t uen t s ,  02, 0, N2, N, He which p a r t i c i p a t e  

rin t h e  i o n i z a t i o n  of t h e  E and F reg ions  an& do no t  have an i o n i z a t i o n  

continuum at A. 1,215.7 8. Only t h e  NO molecule ( see  Figure 15) can b e  
photoionized by t h e  La r a d i a t i o n .  However, we  have shownthe  ex i s t ence  

sf t h i s  NO molecule (Chapter 111) Ln t h e  atmospheric reg ion  loca ted  be
low t h e  E region. Hence, NO, l o c a l k e d  in  a region  of s m a U  th ickness  
loca ted  below t h e  E region, may, under t h e  Tnfluence of t h e  L r a d i a a 
t i o n  of the chromospheric e rupt ions ,  produce the inc rease  Tn i o n i z a t i o n  
necessary for a sudden fade-out.  



E. I n  order t o  formulate t h e  problen o f  the d s t e m i n a t l o n  or" the 
st,ructure of t h e  ionosphere, we used as  t h e  b a s i s  the resul ts  :3cquirei% 
by rfiathenratical and experimental s tud ie s  of t h e  propagation of' e lec t ro 
magnetfc waves i n  t h e  ionlzed Itmosphere qc-ted upon by the earth's raag
n e t i c  f-ield.  To t h i s  end, the in t roduct ion  spec-ifies exsctly tlie %3opted 
point of ~ i e w ,while the first chapter  specifies i n  u synthetic Somr the 
ionospheric observa t iona l  da t a .  From this, we dedUre that  T4heorstical  
research  on t h e  physical  p rope r t i e s  of the  ionosphere would requ:'ire the 
knovledge of t h r e e  f ' a c t l ~ s :  

2) The chemical composit i o n  and the physicol c o n s t i t u t i o n  o f  t he  
e n t i r e  atmosphere. 

3 )  The knowledge of the i on iza t ion  s t a t e  of th~5atmospheric con
s t f t u e n t s  subjected t o  solar r ad ia t ion .  

TI. Usually,  i t  i s  assumed i n  ca l cu la t ions  thtzt t h e  sun rad2st .e~ 
like a black body a t  6,BOO°K. The conventional na ture  or' this :*rorkirg 
hypothesis forced u s  t o  make a thorough examination of tlie problem of the 
e f f i c i ency  of t h e  solar radiatPon i n  the  atmosphere. %h$s study ennbled 
u s  t o  bring o u t ,  among o the r s ,  the following points :  

l) The solar u l t r a v i o l e t  emission i s  not  confined solely t o  the 
photosphere, b u t  also o r i g i n a t e s  from the upper layers, p a r t i c u l a r l y  the  
chrornosphere. 

2 )  The s p e c t r a l  composition of t h e  solar r a d i a t j o n  may be determined 
on the basis of observat ions obtained during e c l i p s e s  and by tak ing  5nto 
account t h e  chemical composition of the  sun. Thus, we were sb le  t o  sh0w 
t ha t  the r a d i a t i o n  emltted i n  t h e  spec t r r i l  range of wmelengths 'in excess 

0 
of 910 A corresponds t o  t h a t  of t he  photosphere, and tha t  thc chromo

r3
sphere is character ized by r a d i a t i o n  of wavelengths below 910 A. Calculr

0
t-ion shows indeed t h a t  t h e  m i n i m u m  intensity ( f o r  X < 910 A) of the  
chromospheric r a d i a t i o n  is g r e a t e r  than t h a t  of a blnck body :?t6,0OOcK. 



3 )  A p r i o r i ,  monochromatic r a d i a t i o n s  are superimposed on t h e  
0 

photospheric r ad ia t ion .  We showed t h a t  the La l i n e  (X = 1,215.7 A) of 

hydrogen may-emit a number of  quanta g r e a t e r  t han  �hat  of t h e  neighbor
ing  s p e c t r a l  range, while  t h e  o the r  l i n e s  of t h e  Lyman s e r i e s  p l ay  a 
neg l ig ib l e  part to a f i rs t  approximation. 

4) The eleven--year a c t i v i t y ,  well-known through t h e  v a r i a t i o n  of 
t h e  spots, has its o r i g i n  in t h e  continuous r a d i a t i o n  of t h e  f a c u l a e  
r e l a t i v e  to t h a t  of t h e  photosphere and i n  t h e  r a d i a t i o n  of t h e  f a c u l a r  
plages r e l a t i v e  to t h a t  o f  t h e  chromosphere. 

3 )  Chromospheric e rupt ions  e m i t  i n  p a r t i c u l a r  a r a d i a t i o n  of 
0X 1,213.7 A whose i n t e n s i t y ,  dependzng on t h e  circumstances, exceeds 

0
t h a t  of t h e  continuous spectrum of A,< L,350 A of t h e  unperturbed photo
sphere.  

111. If w e  review the p r i n c i p a l  determinat ions of t h e  composition 
of t h e  atmosphere which i s  not  access ib l e  to ae ro log ica l  soundings, we 
f ind  marked d iscrepancies  in t h e  r e su l t s .  Generally, t he  v e r t i c a l  d i s 
t r i b u t i o n  of t h e  cons t i t uen t s  i s  ca lcu la ted  by s t a r t i n g  wi th  t h e  composi
t i o n  of t h e  a i r  a t  t h e  sur face  of t h e  ground and ass igning  conventional 
values  to t h e  temperature.  We abandoned t h i s  method, which did not re
s u l t  i n  any s a t i s f a c t o r y  f ind ings ,  and s tudied  the d i s t r i b u t i o n  of t h e  
atmospheric cons t i t uen t s  as a func t ion  of t h e  rate of logar i thmic  de 
crease of t h e i r  concentrat ions wi th  t h e  a l t i tude.  

By determining t h e  st.ate of equi l ibr ium of t h e  oxygen molecule i n  
t h e  f i e l d  of r a d i a t i o n  of t h e  sun, w e  determined t h e  reg ion  of d i s s o c i a 
tion of t h i s  molecule independently of any hypothesis.  Hence, t h e  m a x i 
mum abundance of t h e  oxygen atom i s  loca ted  at about lo5 to 110 km a t  o u r  
l a t i t u d e s .  

From an  examination of the elementary mechanisms s ihul taneous ly  
a f f e c t i n g  t h e  o the r  cons t i t uen t s ,  w e  deduced t h e  formation of t h e  NO 
molecule and t h e  production of the n i t rogen  atom. Moreover, we showed 
t h a t  t h i s  atom and t h i s  molecule are mutually exclusive.  The range of 
NO i s  located above t h e  zone of  the d i s s o c i a t i o n  maximum of 0 whereas

2’ 

t h e  presence of t h e  n i t rogen  atom i s  permanent i n  t h e  region of ex is tence  
of t h e  oxygen atom. Fina l ly ,  helium i s  an element whose presence should 
be e f f e c t i v e  i n  t h e  upper atmosphere. 



Ti. Before studying the ionospheric p rope r t i e s  direct,ly, we f c x 
mulated t h e  genera l  cqus t iuns  of ioniznt2on. The d i f fercnt ;  proces :es 

made app l i c sb le  t o  the  u l ~ p ~were determined t h e o r e t i c a l l y  a ~ d  atroos 
phere. The numePical ca l cu la t ions  have made it poss ib l e  t o  determine 
f a i r l y  p rec i se ly  t h e  d i f f e r e n t  c o e f f i c i e n t s  correspoading t i 1  the photo-
ion iza t ion ,  recombinat.ion, snd attachment and detaclment of' el-ectrona , 
With the exceptjon of t h e  case o f  photodetadim..rnt2 ~ , f z evalues obtained 
r c ~ e a lthe r e l a t i v e  inPlUence of t h e  d i f f e ren t  c:uei?ficients i n  tke ion 
i z a t i o n  equations.  

V. By approaching the genera l  problems of a t b c o r e t l c s l  determiria 
t i o n  o f  t h e  ionospheric p rope r t i e s ,  we %r led  t o  determine t~nderwhat 
m n d i t i o n s  s n  ionized reg ion  could b e  formed. Thus. by a comparison 
with  t h e  experimental data, we showed d i r e c t l y  that t h e  E and I?, regioa~ 

cxn be  i n t e rp re t ed  only i f  t h e  e l e c t r o n  c o n c e n t r a t i m  m%xi_miim i 8  lccsted 
st the l e v e l  of t h e  max imi im e l e c t r o n  productiiin by plmtr3iori7. zation. On 
t h e  cont ra ry ,  t h e  F, reg ion  can correspond only t o  an ionired rcgidjri-
+.:here t h e  maximum e l e c t r o n  concentration is 1or:ett.d nt :3n :htjtu 
is  g r e a t e r  than  t h a t  o f  the production maximum. 

The a b m e  requirements enabled u s  t o  determine the o r i g i n  of the 
ionized regions.  ThE F region results from the  ion1z:ition o f  ox,[gm and 
n i t rogen  a t o m  acted upon by  chromospheric r a d i a t i o n  with r.rave-Leng-t;hu 

Li 
below 910 A. The o the r  cons t i t uen t s ,  such as rnolecril fir n i t rogen  an6 
helium, have t h e i r  photo ioniza t ion  maxima a t  the sane altii,udc as utorriis 
oxygen and n i t rogen .  Moreover, t h e  0, molecule, whose concent ra t ion  7: s 

L 

very low st t h i s  a l t i t u d e ,  a l s o  has a photoioni.xation mar i r r iun t  due t o  t hc  
0

absorp t ion  of i t s  contrinuum of X < 733 A. F ina l ly ,  no rti8intian w l t h  
0 

h <  910 A can reach the  E region wi th  a s u f f i c i e n t  Lntensity.  Ik also 
showed that the o r i g i n  of the E reg ion  i s  d u e  t o  thc  emission of photo

0 ospher ic  re i l ia t ion of 1000 A <  X < 910 A w h i c h  pre ionizes  L ~ Poxygen ~ i ~ l e 
cule .  This l a t t e r  r e s u l t  s h o w s  t h a t  the state  of Pogarithmic d e c ; r c ~ n a c  
of t h e  eoncent ra t ion  of t h e  O2 molecule w i t h  the a l t i t u d e  mrresponds to 

t h e  ionospheric he ight  s c a l e  of t h e  E region. F ina l ly ,  xe came ti; the 
conclusion t h a t  t h e  pr incLpal  phenomenon below the E region results From 
the i o n i z a t i o n  of t h e  NO molecule ilnder t h e  infiuence of S ~ R Ymc1Latfon 

0wi th  wavelengths of l e s s  than  1,350 A. 



By determining t h e  t h e o r e t i c a l  laws governing t h e  noc tu rna l .va r i a 
t i o n  of t h e  e l e c t r o n  concentrat ion,  we showed t h a t  t h e  l a w s  of d i sap
pearance of e l ec t rons  are r a d i c a l l y  d i f f e r e n t  i n  t h e  E and F regions.  
I n  t h e  E region, t h e  recombination c o e f f i c i e n t  i s  constant  and has an 

-9 average value of t h e  order  of  2'10 . On t h e  contrary,  i n  t h e  F region,  
t h e  c o e f f i c i e n t  i s  a func t ion  of t h e  molecular concentrat ion and of t h e  
e l e c t r o n  concentrat ion,  and therefore  depends on t h e  a l t i t u d e .  This 
unexpected resu l t  explains  t h e  profound d i f f e rences  observed i n  t h e  be
havior  of t h e  two reg ions .  The determinat ion of t h e  d i u r n a l  v a r i a t i o n  
a l s o  enabled u s  t o  show t h a t  t h e  F1 and F2 regions are due t o  t h e  photo-

ion iza t ion  of t h e  same elements under t h e  inf luence  of s o l a r  r a d i a t i o n  
of t h e  same wavelengths. The F1 reg ion  i s  formed a t  t h e  l e v e l  of t h e  

maximum photoionizat ion owing t o  an equi l ibr ium between t h e  e l e c t r o n  
production and t h e  recombination whose c o e f f i c i e n t  i s  constant .  The 
formation of t h e  F2 region,  a t  an a l t i t u d e  g r e a t e r  than  t h a t  of t h e  

phckoionization m a x i m u m ,  i s  due t o  t h e  equi l ibr ium between t h e  e l ec t ron  
production and t h e  recombination whose c o e f f i c i e n t  i s  a func t ion  of t h e  
a l t i t u d e  (predominant a t tachment) .  

Since t h e  attachment i s  propor t iona l  t o  t h e  molecular concentrat ion,  
t h i s  behavior i s  unexpected; one could have expected a major in f luence  
of t h e  attachment i n  t h e  lower regions E and F1. Actually,  t h e  opposi te  

takes  place,  s ince  w e  have shown t h e  d u a l i t y  of  t h e  equi l ibr ium between 
t h e  mechanisms a f f ec t ing  t h e  negat ive ions .  

Within t h e  framework of t h e  above determinat ions,  w e  found it easy 
t o  i d e n t i f y  t h e  l a w s  governing t h e  seasonal  v a r i a t i o n  of t h e  E reg ion  
and t o  give a q u a l i t a t i v e  explanat ion f o r  t h e  geographical v a r i a t i o n .  

The f l u c t u a t i o n s  and t h e  eleven-year v a r i a t i o n  of t h e  ion iza t ion  
under s o l a r  inf luence were in t e rp re t ed .  I n  p a r t i c u l a r ,  t h e  e l e c t r o n  
concentrat ion of t h e  E and F1 reg ions  i s  propor t iona l  t o  t h e  square r o o t  

of t h e  number of  s o l a r  quanta absorbed, while  t h e  eleven-year a c t i v i t y  of 
t h e  F2 region depends d i r e c t l y  on t h e  number of  absorbed quanta. 

F ina l ly ,  a f te r  having indicate\d t h e  pa th  suscep t ib l e  of providing 
t h e  so lu t ion  t o  t h e  problem of ionospheric  per turba t ions ,  we showed t h a t  
t h e  NO molecule makes it poss ib l e  t o  expla in  t h e  sudden fade-out by t h e  
increase  i n  t h e  ion iza t ion  produced under t h e  inf luence  of La r a d i a t i o n  
of chromospheric e rupt ions .  
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